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Abstract 
 
Thermal storage systems based on latent heat are among the efficient energy saving solutions. 
Unlike the sensible heat, much higher storage densities and narrow operating temperatures 
can be achieved using latent heat. To utilise these advantages, Phase Change Materials 
(PCMs) have been integrated into load- and non-load-bearing components to enhance their 
thermal storage capacity. PCMs are capable of absorbing, storing and releasing a large 
amount of thermal energy so-called latent heat. Thermal energy is absorbed and released 
during the phase change without changing the temperature itself. In this regard, 
multifunctional composite exhibiting both structural properties and thermal storage capability 
can be a viable solution to reduce energy consumption in engineering applications.  
In order to develop PCM-incorporated multifunctional composites, it is necessary to 
characterise the inclusion effect of PCMs on the host composite laminates. In particular, 
micro-PCMs are integrated into traditional Fibre Reinforced Polymer (FRP) composite and 
its influence was investigated. Furthermore, thermal management capabilities are strongly 
influenced by not only the filler but also thermo-mechanical properties of the matrix. The 
characterisation of viscoelastic properties is important due to the viscoelastic nature of the 
polymer matrix. As a result, the micro-PCMs inclusion effect on mechanical, thermophysical 
and viscoelastic properties of composites was experimentally investigated.  
It was found that the tensile, compressive, and flexural properties of multifunctional 
composites were reduced by increasing the weight fraction of micro-PCMs. The failure 
mechanism changed from matrix to interfacial failure after incorporating 12 wt.% of 
microencapsulated PCMs. Using short-beam-strength (SBS) tests and SEM analysis, it was 
identified that a significant reduction in the interfacial shear strength is contributing towards 
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the degradation of mechanical properties. The interfacial adhesion between micro-PCMs and 
matrix was deteriorated due to the poor wetting of the fillers during manufacturing. On the 
other hand, the embedded micro-PCMs improved Mode Ι interlaminar fracture toughness due 
to the particle toughening mechanisms (i.e. crack pinning and debonding).  The effect of solid 
↔ liquid phase transition of micro-PCMs on the mechanical properties of composites was 
also studied through SBS tests, at temperatures below and above the melting temperature of 
PCM.  
The influence of micro-PCMs on the thermophysical properties of multifunctional laminates 
was also examined. While the thermal storage capacity (heat of fusion) of the composites was 
directly proportional to the weight fraction of micro-PCMs, the thermal and dimensional 
stability of the multifunctional composites were significantly affected by increasing 
microencapsulated PCMs concentration. The thermal decomposition temperature was 
reduced and the coefficient of thermal expansion (CTE) was increased due to the inclusion of 
micro-PCMs. These observations indicate that the interfacial properties between micro-PCMs 
and matrix play a crucial role in determining the thermal and dimensional stability of the 
composites.  
Finally, by investigating the viscoelastic properties, it was revealed that the glass transition 
temperature of the composites was also affected since incorporating micro-PCMs promotes 
segmental motions of epoxy. The viscoelasticity of micro-PCMs-enhanced FRP composites 
was investigated using multi-frequency scans through the concept of activation energy and 
free volume. In addition, an unusual transition in the storage and loss moduli of composites 
was observed at lower temperature ranges which was attributed to phase transition of micro-
PCMs (solid → liquid phase) and confirmed by the correlation between DMA and DSC 
analysis of micro-PCMs capsules.                 
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1. INTRODUCTION 
1.1. Motivation 
Multifunctional composite materials/structures are capable of simultaneously performing 
structural and non-structural functions. Concurrent consideration of the load-carrying 
capability and other functional requirements in multifunctional design results in optimised 
structures that have integral non-load-bearing functions without compromising usable 
structural volume [1, 2]. The most desirable non-load-carrying functionalities are the tuneable 
thermo-physical properties of an engineering structure. Currently, there are great interests in 
the development of new materials that could lead to the reduction in energy consumption 
associated with heating and cooling of buildings, electrical packages and other engineering 
applications. Multifunctional composites exhibiting thermal storage properties can be 
considered as a viable solution in this regard to reduce the energy consumption and 
associated carbon footprint while addressing energy constraints.  
Due to an inherent thermal storage capacity of PCMs, the design of multifunctional 
composites incorporating PCMs is one of the promising solutions to offer an excellent 
thermal management system. PCMs have been adopted in engineering applications such as 
buildings and textile industry. In order to develop PCM-incorporated multifunctional 
composites, it is necessary to characterise the inclusion effect of PCMs on the structural and 
thermal management properties of the host composite laminates. This study reports on the 
thermophysical, mechanical and viscoelastic properties of novel multifuctional FRP 
composites incorporating micro-PCMs. 
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1.2. The aim and objectives  
The aim of this project was to design, fabricate and characterise multifunctional structural 
composites incorporating phase change materials for thermal management applications. The 
specific research objectives to achieve this goal were formulated as follows:  
 Investigate effective methods to integrate microencapsulated PCMs into glass fibre-
reinforced epoxy composites. 
 Evaluate the mechanical properties of micro-PCMs enhanced FRP composites and 
investigate associated failure mechanisms. 
 Study the thermal management effectiveness of micro-PCMs enhanced FRP 
composites. 
1.3. Research question 
Based on a comprehensive literature review, research gaps in achieving above mentioned 
objectives were identified and the following research questions have been formulated. 
Question 1: How can the thermal storage properties of FRP composites be enhanced without 
adversely influencing the baseline mechanical properties? 
 What are the effects of incorporating micro-PCMs on the mechanical properties of 
FRP composites? 
 What are the effects of micro-PCMs on the failure mechanisms of the FRP composite? 
Question 2: How can the thermal properties be effectively controlled in micro-PCMs-
reinforced FRP composites? 
 What effects do fibre reinforcements have on the thermophysical properties of micro-
PCMs? 
 How does the solid↔liquid phase transition influence the mechanical and 
thermophysical properties of the micro-PCMs-enhanced composites? 
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1.4. Thesis outline 
The body of this thesis consists of five chapters. A comprehensive literature review is 
presented in Chapter 2. In addition to the types of PCM, the inclusion effects of micro-sized 
particulates on mechanical and thermophysical properties of polymer-matrix composites are 
reviewed. Chapter 3 starts by presenting the manufacturing method adopted in this study and 
report the effect of micro-PCM inclusion on the mechanical properties of host composite 
laminates. Tension, compression, and flexural properties of multifunctional composites are 
presented. The interfacial characteristics of micro-PCMs and matrix as well as Mode I 
interlaminar fracture toughness of these newly developed composites are discussed in this 
chapter. In addition, the failure mechanisms deduced from high definition digital camera and 
Scanning Electron Microscopy (SEM) images of the fractured specimens are reported. 
Chapter 4 is dedicated to discussing the influence of micro-PCMs on the thermophysical 
properties of the host composite. Thermal properties including enthalpy (heat of fusion), 
specific heat capacity as well as thermal stability and thermal decomposition temperatures are 
discussed. In addition, analysis of dimensional stability using mT-TMA to evaluate the 
coefficient of thermal expansion (CTE) is presented in this chapter. The heat flux apparatus, 
constructed in this project and used to characterise the bulk thermal storage capacity of the 
multifunctional composites is also illustrated in this chapter. The viscoelastic properties of 
micro-PCM incorporated composite laminates were studied using DMA and are discussed in 
Chapter 5. Furthermore, the glass transition (Tg) of the composite laminates and the effects of 
PCM phase transition (solid ↔ liquid) on the thermo-mechanical properties of 
multifunctional composites are reported. Finally, Chapter 6 concludes with the overview and 
the research findings. Also, recommendations for the future research considering thermal 
management capabilities, sandwiched multifunctional composite structures and nano-
modified composites with improved thermal properties are discussed.   
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1.5. Significance 
Current composite design methodologies consider structural and thermophysical properties 
independently. The interdependent consideration of micro-PCMs-enhanced FRP composites 
will be a significant step towards the development of new bifunctional materials exhibiting 
structural and thermal management capabilities. It is, therefore, important to understand the 
influence of the embedded micro-PCMs on the resultant multifunctional FRP composite. This 
project contributes to the development of innovative versatile composite with potential 
scientific benefits to the composite industry. Therefore, the outcome of this project 
contributes towards the design and development of multifunctional composites that can 
provide mechanical and thermal superiority over conventional materials.  
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2. LITERATURE REVIEW 
2.1. Introduction 
The usage of Fibre Reinforced Polymer (FRP) composites has increased due to demand for 
more structurally efficient materials over conventional metallic alloys. The main advantages 
of FRP composites are high strength/stiffness-to-weight ratios and low density as well as 
excellent fatigue and corrosion resistance. Owing to these desirable properties, composite 
materials have been used in many applications, such as aerospace and automotive structures 
[3-5]. Multifunctional structural composites can simultaneously carry structural loads and 
exhibit functionalities working in synergy to provide the advantages beyond the sum of the 
individual capabilities [6].  In particular, there are increased interests in the development of 
multifunctional composites that combine structural and non-structural properties. The 
traditional approach to designing multifunctional structures involves independent 
considerations of the load bearing capacity and functionality (e.g., electrical and thermal 
properties). Recently, multifunctional design requirements including light-weightiness have 
driven the development of new composite materials that can perform multiple functions 
without compromising usable structural volume [1, 2]. The integration of functionality 
without a penalty on the structural weight directly translates to cost-effectiveness. The 
reduction in fuel consumption for automobiles [7] and aircraft [8] may increase the 
operational performance, the range as well as the payload. 
From non-structural properties, tuneable thermo-physical properties are among the most 
desirable [1]. Effective methods to manage heat have increasingly been the focus of 
numerous material scientists and engineers. For example, there are increasing demands on 
new design approaches towards the development of lightweight electronic packaging systems. 
According to Moore’s law [9], the number of transistors on integrated circuits is projected to 
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double every couple of years. Thus, with increased transistor compactness and high 
performance demands, the heat density in electronic circuits will increase drastically [10]. 
Problems such as the development of hot-spots during the operation as well as operating 
temperatures beyond the operational envelope may result in performance degradation [11]. 
Also, there are tremendous interests in the development of new materials that could lead to 
the reduction in energy consumption associated with heating and cooling systems for 
buildings. Therefore, multifunctional composite materials exhibiting thermal storage 
properties may reduce the carbon footprint while addressing world energy constraints by 
reducing energy consumption [12].  
2.2. Polymer-Matrix Composites with potential thermal management  
In general, composites can be classified under three categories namely, metal matrix 
composites (MMCs), ceramic matrix composites (CMCs), and polymer matrix composites 
(PMCs) according to the type of matrix. PMCs have traditionally been used for structural 
loading bearing engineering applications. In particular, fibre-reinforced polymer composites 
have demonstrated tremendous advantages, high strength and stiffness to weight ratios. FRP 
composites have been considered a commodity in many applications where structural weight 
is critical, such as aerospace and automotive structures due to a high performance with low 
density [3-5]. Composite properties are strongly dependent on the properties of 
reinforcements. This provides a tailorability on desirable properties such as matching 
coefficients of thermal expansion with other part of the structure as well as lower density and 
cost effectiveness. Furthermore, composite materials are ideally suitable to acquire multi-
functionality since they combine different materials to achieve targeted performance  [13].  
The architecture for thermal management system with latent heat storage capacity can be one 
of the most efficient ways of managing thermal energy. Unlike the sensible heat storage, the 
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latent heat storage method provides much higher storage density with smaller temperature 
differences between heat storage and heat release. A large amount of thermal energy in latent 
heat is absorbed and released during the phase change without changing the temperature itself.  
Therefore, thermal management systems incorporating PCMs can provide heat absorption 
and releasing characterises. In order to achieve multiphase composites with desired structural 
and thermal storage capacity, micro-PCMs will be integrated into FRP composites. Such 
materials can be utilised for thermal protection and thermal stabilisation of thermo-sensitive 
applications.   
2.3. Phase Change Materials (PCMs) 
2.3.1. Introduction 
The design of multifunctional composites incorporating PCMs is one of the promising 
solutions to offer a good thermal management system.. Due to their inherent thermal storage 
capacity properties, PCMs have been incorporated into wearable textiles [14-16], spacecraft 
protective gear [17], building materials such as wallboard [18], gypsum [19], concrete [20] 
and mortar [21], thermal storage structures [22-26] and electronic packaging [10, 27, 28]. 
In the early 80s, space suits were developed with the innovative textile technology using 
fibres incorporating microencapsulated PCMs under the National Aeronautics and Space 
Administration (NASA) research programme. The aim of that project was to stabilise 
temperature fluctuations encountered by astronauts in outer space. Since their inception 
thermal insulating clothing materials have been successfully developed and commercialised 
[16]. PCMs have also been integrated into building materials, such as mortar, wallboard and 
concrete with the objective to stabilise room temperature levels thereby reducing the amount 
of energy required for heating and cooling purposes [29, 30]. In this chapter, the 
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classification/types of PCMs is comprehensively reviewed, and the selected material systems 
for this project is then described.     
2.3.2. Classification of PCMs 
Abhat [22] has classified the PCMs for thermal energy storage application based on the 
chemical composition as shown in Fig. 2-1. 
 
Figure 2-1 Classification of PCMs according to chemical composition [22] 
 
2.3.2.1. Organic PCMs 
2.3.2.1.1. Paraffin wax 
Paraffin wax is one of the important organic PCMs, which consist of the straight chain n-
alkanes, which are defined by a chemical composition of CnH2n+2 as listed in Table 2-1. As 
the number of carbon atom (molecular weight) increases, the melting temperature and latent 
heat of fusion increase. Due to its availability over a wide range of temperature for 
commercial application, moderate latent heat, chemical compatibility, low toxicity and 
relatively low cost, paraffin wax has been studied for decades. However, paraffin expands by 
about 10-15% during melting process, which can lead to the complexity of the container 
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design. Also, higher PCM volumes per given heat storage are required due to its low specific 
gravity [31, 32]. 
Table 2-1 Thermal properties of paraffin waxes with the number of C atoms ranging between 
12 and 28 [32] 
Paraffin wax 
Molecular 
formula 
Molar mass  
/g mol
−1
 
Melting 
temperature 
/◦C 
Crystallization 
temperature 
/◦C 
∆Hfus 
/kJ·kg
−1
 
n-Dodecane  CH3(CH2)10CH3 170.3 −10 −16 216 
n-Tridecane CH3(CH2)11CH3 184.4 −5 −9 160 
n-Tetradecane CH3(CH2)12CH3 198 5–6 0 227 
n-Pentadecane CH3(CH2)13CH3 212 10 5 205 
n-Hexadecane CH3(CH2)14CH3 226 18–19 17 237 
n-Heptadecane CH3(CH2)15CH3 240 22 22 171 
n-Octadecane CH3(CH2)16CH3 254 28 25 242 
n-Nonadecane CH3(CH2)17CH3 268 32–33 27 222 
n-Eicosane CH3(CH2)18CH3 282 36–37 31 247 
n-Heneicosane CH3(CH2)19CH3 296 39–41 32 201 
n-Docosane CH3(CH2)20CH3 310 42–45 43 157 
n-Tricosane CH3(CH2)21CH3 324 48.9 51 142 
n-Tetracosane CH3(CH2)22CH3 338 50–51 48–49 160 
n-Pentacosane CH3(CH2)23CH3 352 54 47 164 
n-Hexacosane CH3(CH2)24CH3 366 56 53–54 255 
n-Heptacosane CH3(CH2)25CH3 380 59 53 159 
n-Octacosane CH3(CH2)26CH3 394 61 54 202 
Despite desirable properties, the heat dissipation rate is generally slow due to the low thermal 
conductivity. This is a major disadvantage limiting the implementation of paraffin wax in 
engineering applications. In order to overcome this drawback, several techniques were 
investigated such as integration with high thermally conductive fillers (carbon-based filler 
[33] or ceramic-based filler [34]) and immersing on porous graphite matrix [35]. 
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2.3.2.1.2. Fatty acids 
Fatty acids, naturally occurring vegetable and animal oils are purified and subsequently 
separated in the form of CH3(CH2)(n-2)COOH, and are listed in Table 2-2. Fatty acids have 
been introduced due to the interests in renewable resources. 
Table 2-2 Solid-liquid phase change thermal properties of the fatty acids with the number of C 
atoms ranging from 4 to 23 [32] 
Chemical formula IUPAC name Common name 
Melting 
temperature 
/◦C 
∆Hfus 
/kJ·kg
−1
 
CH3(CH2)2COOH n-Butanoic acid Butyric acid −5.6 126 
CH3(CH2)4COOH n-Hexanoic acid Caproic acid −3 131 
CH3(CH2)6COOH n-Octanoic acid Caprylic acid 16–17 148–149 
CH3(CH2)8COOH n-Decanoic acid Capric acid 30–32 153–163 
CH3(CH2)10COOH n-Dodecanoic acid Lauric acid 41–44 178–183 
CH3(CH2)11COOH n-Tridecanoic acid Tridecylic acid 41.4 154 
CH3(CH2)12COOH n-Tetradecanoic acid Myristic acid 49–58 167–205 
CH3(CH2)13COOH n-Pentadecanoic acid Pentadecanoic acid 52–53 178 
CH3(CH2)14COOH n-Hexadecanoic acid Palmitic acid 61–64 186–212 
CH3(CH2)15COOH n-Heptadecanoic acid Margaric acid 60 172.2 
CH3(CH2)16COOH n-Octadecanoic acid Stearic acid 65–70 196–253 
CH3(CH2)17COOH n-Nonadecanoic acid Nonadecylic acid 67 192 
CH3(CH2)18COOH n-Eicosanoic acid Arachidic acid n.a. n.a. 
CH3(CH2)19COOH n-Heneicosanoic acid Heneicosylic acid 73–74 193 
CH3(CH2)21COOH n-Tricosanoic acid Tricosylic acid 79 212 
n.a., non-available. 
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The long-term availability of natural-based rather than petroleum-based paraffin wax has 
been of interest to the scientific community.  Fatty acids share many phase change 
characteristics with organic paraffin wax including low thermal conductivity and high 
volumetric expansion on melting. However, they have lower latent heats of fusion when 
compared to paraffin wax with similar melting temperature ranges [31, 32].   
2.3.2.2. Inorganic PCMs 
Hydrated salts are solid solution of salts and water, and are  defined as a chemical form of 
M∙nH2O, where M is the salt molecule and n represents the number of water molecules in 
solid solution [31]. The phase change process of hydrated salts involves the dehydration and 
rehydration processes. Hydrated salts are one of the common phase change materials that 
have been studied due to their high volumetric storage density (~350 MJ m
-3
), relatively 
higher thermal conductivity in comparison to organic PCMs and lower cost [23]. On the other 
hand, they exhibit semi congruent melting or incongruent melting due to the nature of multi-
constituent materials. During the dehydration process, the phase separation of salt and water 
solution or a similar salt hydrate with a lower order of water molecules can be formed. In 
addition, phase segregation can be developed during repeated thermal cycling, which will 
reduce the thermal performance (reduction of latent heat). In general, the phase segregation 
and subcooling effects have limited the implementation of hydrated salts as phase change 
materials [31].  In order to overcome these problems, excessive water is often added to 
prevent phase segregation [22] or the  thickening agents are used to improve long-term phase 
change stability [36].    
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2.3.2.3. Eutectic 
Combination of organic-organic/ inorganic-inorganic/ organic-inorganic PCMs can be 
compounded to create the eutectic PCMs. Mixtures of fatty acids are less attractive since 
commercially manufactured fatty acids can generate strong odours. Some examples of 
eutectic PCMs can be found in Ref. [37].  
2.3.3. Integration methods 
2.3.3.1. Direct incorporation 
Direct impregnation is the simplest technique to integrate PCMs into composite matrices. 
PCMs have been directly mixed with several construction materials such as gypsum, cement 
paste, mortar and concrete [38, 39]. However, the leakage of the PCM may affect the 
durability of the system, and the mechanical properties [40].      
2.3.3.2. Shape-stabilised PCMs 
The adoption of PCMs has been limited by the associated leakage problem during the solid 
↔ liquid phase change. One solution to prevent the leakage of PCMs on melting is to blend 
them with compatible polymers such as high-density polyethylene (HDPE), styrene and 
butadiene. The supporting material and PCMs are melted and mixed at high temperature 
followed by the cooling till their glass transition temperature where the support 
material  becomes solid [41].   
Feldman et al. [42] investigated the form-stable materials based upon polymers and fatty 
acids. HDPE was used as the structure polymer material. Those materials were mixed in a 
blender and then moulded into a tile shape, which was the size of 200 mm × 200 mm× 20 
mm. In general, the samples maintained their dimensional stability at temperatures as high as 
37 - 43°C dependent on the composition of the fatty acids.  
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Inaba and Tu [43] investigated the density, specific heat, latent heat and effective thermal 
conductivity of the shape-stabilised PCMs constituting the latent heat storage material, 
pentacosane (C25H52) and HDPE. Pentacosane and HDPE were melted and mixed at above 
their melting temperature. When the temperature of the shape-stabilized paraffin was below 
the crystallisation temperature of HDPE and over the melting temperature of the paraffin, the 
liquid state of paraffin can be held by solidifying HDPE. At this state, the shape-stabilised 
paraffin can be kept in a solid without leakage with the aid of HDPE in solid. In order to 
reduce the leakage rate of the paraffin from the shape-stabilized composition, thermal cycling 
(melting and solidification process) was repeated and also low crystallinity and high viscosity 
resin such as ethylene-α olein was added to the paraffin as surfactant for enhancing 
compatibility. The composition of the samples were paraffin 74 wt.% and HDPE 26 
wt.%.  Experimental data from differential scanning calorimeter (DSC) showed that the 
measured latent heat of the samples was linearly proportional to the wt.% of dispersed 
paraffin.         
2.3.3.3. Macroencapuslation 
Plenty of PCMs can be contained in tubes, spheres, and panels for structural applications. The 
advantages of this technique are the container can be acting as an environmental barrier, and 
easy of handling.  
Lazaro et al. [44] investigated the latent heat storage for free-cooling application in building 
incorporating PCMs. They prepared the real scale experimental set up with two types of heat 
exchangers based on encapsulated PCMs as shown in Fig. 2-2. They found that using 
aluminium panels resulted in no leakage while the leakage was observed in the aluminium 
pouches due to the thermal expansion of PCMs on melting. The cooling power, which was 
estimated from air inlet and outlet temperature, was higher in the case of aluminium panels 
compared to the heat exchange system involving aluminium pouches. 
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Figure 2-2 Prototype heat exchanger for free cooling application (a) aluminium pouches 
filler with organic PCMs and (b) aluminium panels filled with inorganic PCMs [44] 
2.3.3.4. Microencapsulation 
The microencapsulation is the process that solid particles, liquid droplets or gas bubble are 
coated in the thin solid shell material, of particle sizes between 1μm to 1,000 μm. The shell 
material of microcapsules can be manufactured through a variety techniques mainly classified 
under physical and chemical methods [41]. Further information can be found from open 
literature [45].  The main purpose of microencapsulation is to prevent the leakage of PCMs 
from the composite structure during the solid ↔ liquid phase transition [46]. In addition, 
microencapsulation is capable of resisting volume change during phase transition, and the 
thermal conductivity can be improved due to the increase in surface area per unit volume.  
Hawlader et al. [47] assessed the performance of microencapsulated PCMs. The 
microcapsules were prepared by the coacervation technique. Thermal cyclic tests were 
conducted with a cyclic variation of temperature in a dryer from 500 - 1000 cycles. They 
found that the original geometrical profile could be maintained after 1000 thermal cycles as 
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shown in Fig. 2-3.  These results indicated that the thermal energy storage capacity could be 
sustained in the microcapsule.  
 
Figure 2-3 Microencapsulated paraffin profile evaluated by SEM at different thermal cycles 
[47] 
2.4. Effect of spherical inclusions on mechanical properties 
2.4.1. Introduction 
In this section, the influences of inclusion on mechanical properties of polymer matrix 
composite have been reviewed. The inclusion effect due to the presence of the micro-sized 
fillers has been explored especially in the area such as toughening of polymer, and self-
healing polymer. The elastic modulus of a composite is generally determined by the elastic 
properties of its individual components (the particle and matrix), concentration and particle 
size. On the other hand, strength shows a high dependence on the stress transfer between the 
particle and the matrix. Thus, in the case of well-bonded particles, the applied stress can be 
effectively transferred to the particles from the matrix. The interfacial strength and particle 
loading/size also affect the strength of the composite [48]. 
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2.4.2. Tensile properties 
Several studies on the influence of rubber [49, 50], thermoplastic [51-53] glass microsphere 
[54-57] fillers on polymer properties have been reported. It is known that the volume fraction 
and the size of the particle are the major factors influencing the tensile properties. For 
example, the effect of hollow glass microspheres on the tensile properties of particulate 
composite is abundant. Spanoudakis  and Young [58] reported the dependence of the 
modulus of the epoxy resin reinforced with spherical glass particles upon the particle loading 
and size. The Young’s modulus was almost identical for lower volume fraction (10-18 %) of 
glass particles while there was a slight decrease observed in higher particle loading (30-46 %). 
Also, the smallest particle size showed the highest modulus for a given volume fraction.  
In another study by Cho et al. [59], the effect of inclusion size on particle-reinforced 
composites with micro- and nanoparticles was investigated; spherical glass beads and 
alumina particles, respectively. In the case of glass beads, it was found that the Young’s 
modulus was insensitive to the particle size at lower volume fractions. However, as the 
volume fraction increased, slight reductions in the modulus of elasticity were observed. They 
concluded that the particle loading was a significant factor in determining the composite’s 
modulus of elasticity. There was a threshold loading level where the Young’s modulus 
became particle-size independent.  
Wouterson et al. [60] reported the specific tensile properties of the epoxy incorporating two 
glass microspheres (different size) and hollow phenolic microspheres by varying the volume 
fraction. The tensile strength decreased with increasing microsphere concentration regardless 
of the type of microsphere due to the reduction of the volume fraction of epoxy, and the 
increasing inhomogeneity. Consequently, the tensile strength decreased as a result of poor 
interfacial strength between the matrix and the filler. On the other hand, the Young’s modulus 
changed with the type of inclusion. The Young’s modulus decreased when the smaller glass 
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and phenolic microsphere were used whereas that of the larger glass microspheres was 
increased. They assumed that the difference between the results of glass microspheres could 
be attributed to their size and thickness-to-radius ratio.   
The effect of particle/matrix interfacial adhesion on the tensile behaviour was investigated by 
Dekkers and Heikens [61]. They experimentally investigated the tensile behaviour of 
polystyrene (PS)/glass beads. In order to study the effect of interfacial adhesion between 
glass-beads and polystyrene, the glass beads were surface treated with two different silane 
coupling agents. It was observed that the Young’s modulus was hardly affected by the degree 
of interfacial adhesion. In contrast, the composite strength decreased with increasing glass 
content and was lower than that of the PS. This observation was due to the fact that, for the 
samples with larger beads concentration, more crazes readily formed than in the case of lower 
beads concentration. This indicated that as the craze density becomes extensively large, glass 
beads lose the controllability of craze growth. They concluded that interfacial adhesion has a 
little effect on the Young’s modulus of particulate-filled composites. Moreover, craze 
formation at the glass beads due to the applied tensile stress is determined by the degree of 
interfacial adhesion. In the case of poor interfacial adhesion, de-wetting along the phase 
boundary causes extra stress concentration. Thus, crazes can form at lower stress levels. 
The effect of a polymeric core-shell microsphere on tensile properties was studied by White 
et al. [62]. They studied the autonomic healing concept by incorporating a microencapsulated 
healing agent and a catalytic chemical trigger within an epoxy matrix. They found that the 
relative stiffness of the microcapsule on the propagation path was a key parameter on the 
mechanical triggering process. Fig. 2-4 represents the stress state of vicinity of crack tip and 
sphere itself is strongly affected by relative stiffness of sphere to matrix. In the case of stiffer 
inclusions, the crack is deflected away from the inclusion while the opposite is true in the 
case of compliant spherical inclusion.   
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Figure 2-4 Stress state in the vicinity of a planar crack as it approaches a spherical inclusion 
embedded in a linearly elastic matrix and subjected to a remote tensile loading perpendicular 
to the fracture plane. The left and right figures correspond to an inclusion three times stiffer 
E* = Esphere/Ematrix = 3) and three times more compliant (E* = 1/3) than the surrounding 
matrix, respectively. The Poisson's ratios of the sphere and matrix are equal (0.30) [62] 
In addition, a similar experiment on self-healing microcapsule was conducted by Tao et al. 
[63]. They reported the study of self-healing woven glass/epoxy composite. The result of 
tensile stress-strain curves of the composites incorporating the microcapsules showed the 
earlier appearance of the knee point for higher microcapsule content laminates. This may 
suggest that the microcapsules could behave like stress concentration raisers when the 
cracking initiated at the interface. In their study, they reported a dependence of the Young’s 
modulus and the tensile strength on the microcapsule content. The stiffness of the samples 
decreased with increasing the weight fraction of microcapsule due to the lower stiffness of 
the microcapsules. Moreover, it was found that a significant drop in the strength of the 
composites occurred at 20 wt. % of microcapsules. They claimed that this might relate to the 
change of the matrix viscosity. Further addition of the microcapsules significantly increased 
the viscosity, and this deteriorated the impregnation and interfacial coupling as increased 
porosity was observed in the laminate with 30 wt.% of microcapsules.  
Mochane and Luyt [64] studied the influence of polystyrene (PS):wax microcapsule on 
tensile properties of the polypropylene (PP) composite. The tensile strength decreased with 
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increasing PS:wax content due to the weak interfacial interactions between the filler (PS:wax 
microcapsule) and matrix. In addition, the Young’s modulus of modified composite was 
lower than that of neat resin. 
2.4.3. Compressive properties  
It is clear that the mechanical properties of the microsphere embedded composite are affected 
by particle size, particle concentration and the interfacial adhesion. It is interesting to note 
that the influence of the particle size on compressive properties was different to tensile 
properties Wouterson et al. [60] reported the specific compressive properties of syntactic 
foam. The microstructures of syntactic foams, manufactured with two glass microspheres 
(different size) and hollow phenolic microspheres with varying volume fraction was 
investigated. They investigated the effect of the wall thickness of microsphere and filler 
concentration on compressive properties. The large size glass microsphere (average wall 
thickness is 1.37 μm) was superior to that of small size glass microsphere (average wall 
thickness is 0.70 μm) regarding compressive properties. The compressive yield strength and 
moduli of large glass microspheres increased with increasing filler content whereas that of 
the small sized glass and phenolic microspheres decreased.   
The influence of the type of particle was studied by Bagheri and Pearson [49] where they 
investigated on the role of particle cavitation in toughening. The comparative examination of 
epoxies modified by conventional rubber modifiers and hollow plastic particles was 
performed. They found that the conventional rubber modifiers and small hollow plastics 
particles (≤ 15μm) toughened epoxies with shear yielding at the crack tip. In the case of a 
larger hollow particle (40μm), the mechanism of microcracking was observed as well as 
shear yielding. The compressive yield stress in toughened epoxies decreases linearly with 
increasing volume fraction of the modifier. They claimed that the pre-cavitated, hollow, 
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plastic particles and the non-cavitated, rubber particles had a similar influence on the yield 
stress of the blend due to their stress concentration effect. Furthermore, Bunn and Mottram 
[63] reported the effect of phenolic microspheres on compressive properties. Phenolic 
microspheres filled epoxy composite was manufactured by varying the volume fractions. The 
compressive strength decreased from 71 to 28 MPa with the maximum microballon 
concentration (~53%). The compressive modulus changed from 2.7 to 0.8 GPa. The 
compressive properties revealed a fairly linear relation with the volume fraction of 
microballon.  
2.4.4. Flexural properties 
The behaviour of flexural properties of particulate composite incorporating microsphere is a 
mixture of tensile and compressive properties.  In the related experimental work by 
Wouterson et al. [60], they reported the specific flexural properties of syntactic foam. The 
syntactic foams were manufactured with two glass microspheres, which had different wall 
thicknesses and hollow phenolic microspheres by varying the volume fraction. The flexural 
properties (yield strength and moduli) decreased with increasing filler concentration. This 
result shows a similar behaviour under tensile properties as discussed in section 2.3.1 because 
they showed a similar failure mode.  In particular, the flexural strain was reduced with 
increasing filler contents.  The syntactic foams incorporating hollow phenolic microspheres 
showed larger plastic deformation compared to glass microspheres due to the ductile 
deformation from the polymeric microsphere. 
Tagliavia et al. [65] studied the flexural properties of hollow glass microsphere filled vinyl 
ester composite. The effect of wall thickness and volume fraction of hollow inclusion was 
investigated. The wall thickness strongly influenced the flexural modulus. The modulus of 
the composite contains thin-walled particle decreased with the increase in the volume fraction. 
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The trend was opposite in thicker-walled particle composite. In addition, it was found that the 
flexural strength decreases as the inclusion volume fraction increases and is independent of 
the inclusion wall thickness. These observations are similar to the results from the 
aforementioned literature regarding a flexural testing of the composite incorporating hollow 
glass microsphere.  
2.4.5. Fracture toughness 
There are several investigations of the fracture behaviour of microcapsules such as hollow 
glass microsphere [55-57, 66] and polymer microcapsule [67, 68] filled polymers. The 
increase in toughness by inorganic particles (e.g. glass microsphere) can be explained by the 
crack front bowing mechanism. Although the particle toughening mechanism is still arguable, 
the results from these investigations agree with toughening of polymer by ‘crack pinning’ and 
‘debonding’, which triggers matrix plastic deformation. 
Lee and Yee [66] studied the fracture behaviour of inorganic particle filled polymers. Glass 
bead filled epoxies having different glass bead contents and sizes were prepared to 
understand the fracture behaviour. They reported that three general trend of the effects of 
volume fraction and size of glass beads on fracture behaviour. Firstly, the fracture toughness 
of composites increases with the increasing the volume fraction of glass beads. Secondly, the 
incremental toughening effect diminishes with increasing volume fraction. Thirdly, the larger 
particle filled epoxy showed a higher toughness than smaller particle filled epoxy since the 
size of filler was found to have secondary effects on the fracture toughness.  They found that 
the increase of debonding zone size, micro-shear band zone size, and the number of steps per 
unit length were noticed as glass bead content increase. The tensile moduli and fracture 
toughness increased with the increasing glass bead content. 
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 Brown et al. [68] reported the toughening mechanism by embedded silica and polymer 
microcapsules. They found that the polymer microcapsules increased toughness by 127% at a 
concentration of 11 vol. % while the maximum toughness of 87 % was obtained from silica 
microspheres. The inclusion of silica microcapsule arrested the crack growth, then the crack 
propagates along the interface when sufficient energy is applied. On the other hand, the 
fracture behaviour of polymer microcapsule was somewhat similar to that of rubber 
toughened epoxy such as debonding and cavitation.  
2.5. Effect of spherical inclusions on thermophysical properties 
2.5.1. Introduction 
Microstructural parameters such as different particle sizes, volume fractions, shapes and 
topologies are to determine the properties of the composite material. In this section, the 
thermophysical properties such as thermal conductivity and coefficient of thermal expansion 
of micro-size spherical filler embedded in the polymer were reviewed. 
2.5.2. Phase change transition   
When the phase change material melts or solidifies at a constant temperature, large amounts 
of thermal energy is stored or released as shown in Fig. 2-5. Thus, the effectiveness of the 
thermal management system using latent heat storage is strongly dependent on the phase 
transition properties. Microencapsulation prevents the leakage of PCMs during the phase 
transition from solid to liquid. In particular, organic PCMs have received greater attention 
amongst PCMs due to inherent problems with the inorganic PCMs such as supercooling and 
phase segregation during the phase transition [69]. The phase transition of paraffin wax (n-
alkane) is depending on the molecular length. Even number n-alkane show only one solid-
liquid transition when the number of carbon atoms is less than 20, whereas other n-alkane 
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(odd number larger than 15 or even number bigger than 20) show several stable and partially 
ordered phases. The partially ordered phase known as rotator phase is the intermediate phase 
between isotropic liquid and fully ordered crystalline phases [70]. Thus, the phase behaviour 
of microencapsulated organic PCMs is determined by the intrinsic features of a core material. 
The information on solid-solid transition in crystallisation through the metastable rotator is 
significantly important as it is associated with the phase change efficiency [71].      
 
Figure 2-5 The principle of phase change materials (PCMs) 
Zhang et al. [72] investigated the effect of micro-PCMs in gypsum for thermal regulation 
capabilities as a building material. The phase change behaviour was examined using 
Differential scanning calorimetry (DSC), and it was found that the integrity of micro-PCMs 
was not affected by the mixed gypsum and glass fibre. 
Sari-Bey et al. [70] investigated the thermophysical properties of polycaprolactone (PCL) 
composite containing microencapsulated PCMs (Micronal® DS 5001 X). The phase change 
properties of the composite incorporating microencapsulated PCMs were investigated using 
DSC. It was found that the onset temperature remained the same, and the enthalpy of the 
composite was proportional to the weight fraction of microencapsulated PCMs used in the 
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composite. Furthermore, similar observations were reported by Krupa et al. [73]. They found 
that the phase change properties of microencapsulated PCMs remained after embedding in 
the polymer matrix as shown in Fig. 2-6. 
  
Figure 2-6 DSC (a) heating and (b) cooling curves for neat HDPE, neat microcapsules and 
HDPE/microcapsules = 40/60 w/w mixtures; blended [73] 
DSC is the most commonly used instrument to study thermal analysis of phase change 
materials. However, there is a concern that the measured data is not representative of the bulk 
material given the minimal specimen sizes applicable to this technique. The determination of 
the heat storage capacity through DSC is intrinsically difficult due to inhomogeneity at the 
test sample size. Therefore, new methods have been developed to provide useful thermal 
storage data representative of dimensionally larger scale samples [74]. For example, the 
sample is sandwiched with heat exchange plates, tangential gradient flux meters and 
thermocouples. Then, experimental set-up is insulated to be a 1-D heat transfer problem. The 
apparent heat capacity and thermal conductivity can be evaluated by measuring the heat flux 
and the temperature on each side of the specimen [75, 76]. 
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2.5.3. Thermal stability 
Thermal stability of microencapsulated phase change material has been studied [77-79]. For 
example, Mochane and Luyt [64] prepared the microencapsulated paraffin wax with 
polystyrene (PS) as a shell material, and embedded in the polypropylene (PP) composite. 
Thermal stability was investigated using Thermogravimetric Analysis (TGA) as a function of 
weight fraction of microcapsule. The two-step degradation was observed in PS:wax 
microcapsules due to different decomposition behaviour of wax and PP. These weight loss 
processes were attributed to the initial decomposition of n-alkane and latter weight loss of the 
shell material [80, 81]. The first weight loss could be the evaporation or decomposition of 
core material, which diffuse out of shell rather than caused by the fracture of the 
microcapsule [82].   
Furthermore, the thermal stability of microcapsule filled PP composites deteriorated with an 
increase in PS:wax microcapsule as a result of free radicals introduced due to the inclusion of 
microcapsule [64]. Tong et al. [83] worked on the surface modification of poly(melamine-
urea-formaldehyde) microcapsules. The interfacial performance between the matrix and 
microcapsules of the composite (unsaturated polyester) were studied. They found that the 
surface modification on the microcapsule improved the thermal stability as a result of the 
improvement on the intermolecular forces and compatibility between the matrix and 
microcapsule.       
2.5.4. Thermal conductivity 
The effective thermal conductivity of the composite is affected by several parameters 
including geometry, thermal conductivity of the different constitutes, distribution within the 
medium and contact between fillers [84]. The heat transfer in non-metals occurs by phonons 
or lattice vibrations. The scattering of phonons in the composite material should be 
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minimised to maximise thermal conductivity. The phonon scattering is mainly due to the 
interfacial thermal barriers resulting from acoustic mismatch and interfacial flaws from 
different constituent phases [85]. When the spherical filler is embedded in the polymer, the 
thermal conductivity of the composite is function of the thermal conductivity of the filler and 
the matrix.  
Kumlutaş et al. [84] reported the effective thermal conductivity of spherical aluminium filler 
high density polyethylene (HDPE) composite was investigated numerically and compared 
with experimental results and theoretical models. It was observed that the thermal 
conductivity of the composite increased with increasing volume fraction of aluminium filler 
due to the much higher thermal conductivity of aluminium (204 W m
-1
 K
-1
) compared to that 
of HDPE (0.543 W m
-1
 K
-1
). The study on thermally conductive polymer composite 
incorporating spherical metal fillers can be also found [86-88]. On the other hand, the 
effective thermal conductivity of the composite reduced with hollow glass microsphere 
(HGM) owing to its low thermal conductivity. Furthermore, Liang and Li [89] studied the 
effect thermal conductivity of HGM filled polypropylene (PP) composite. It was observed 
that the thermal conductivity decreased almost linearly with increase the volume fraction of 
HGM. The opposite trend was observed in the particle diameter. The similar observations on 
ceramic microsphere (glass microsphere) can be found [90, 91].  
Karkri et al. [92] reported on the thermal properties of microencapsulated paraffin wax filled 
high-density polyethylene (HDPE) using an in-house experimental set-up (transient guarded 
hot plate). The microcapsule was prepared with paraffin wax, and melamine-formaldehyde as 
a shell material. The thermal conductivity of the composite was measured as function of 
particle concentration at room temperature. It was found that the thermal conductivity of the 
composite reduced when the concentration of the microencapsulated wax increased. Similar 
observations were reported in Ref. [70]. Furthermore, Salaün and Vroman [93] worked on the 
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influence of core material in thermal properties of microcapsules. They found that the 
chemical structure of the polymeric shell material on the microcapsule determined the 
thermal conductivity.      
2.5.5. Coefficient of thermal expansion (CTE) 
Holliday and Robinson [94] reported that the thermal expansion behaviour of the composite 
involves the stress transfer across an interface and elastic properties (i.e. Young’s modulus) 
of the constituents. Consider a two phases composite, in which each phase is isotropic and 
homogeneous. The CTE for the matrix is defined as αm and that for the dispersed inclusions 
as αf. In the case where αm > αf, the matrix will expand more than the inclusions under heating, 
creating residual the thermal stress. The overall CTE of the composite can therefore be 
reduced if the matrix/inclusion interfaces are adequately capable of transmitting the stress. In 
addition, individual constituents with different CTE can give rise to elastic strains with 
changing temperature. The overall composite CTE is somewhat different from a simple 
calculation based on the rule of mixture. This suggests that the overall composite CTE reflect 
the relationship between the elastic moduli and thermal expansion of the composite 
constituents [95]. 
The inclusion effect of hollow glass microsphere filled epoxy composite was studied by 
Yung et al. [96]. They investigated the influence of HGM on thermal expansion behaviour of 
the composite. The coefficient of thermal expansion (CTE) decreased by more than 50% 
when the volume fraction of HGM was 0.51.  In addition, the glass transition temperature (Tg) 
increased with the increase of volume fraction of HGM from 98°C to 136°C. The authors 
attributed the increasing in the glass transition temperature to the strong interaction between 
the filler and the matrix. Furthermore, Shunmugasamy et al. [97] reported on the CTE of a 
vinyl ester composite containing hollow glass particles. The variation in the composite CTE 
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with the wall thickness and volume fraction of the filler particles was investigated. It was 
found that of the variation in the volume fraction had a greater influence on the composite 
CTE than the wall thickness of the filler. The CTE of the composite reduced up to  60% at the 
highest glass content level in comparison to  of the neat resin. It was clear that the inclusion 
of glass microsphere reduced the overall CTE due to the inherently lower CTE values for 
ceramic-based materials.       
On the other hand, Yusriah et al. [98] investigated the effect of hollow phenolic microspheres 
and woven fabric on vinyl ester composite. The CTE for composite systems reinforced by 
varying woven fabrics and also containing 5 wt.% of microsphere was measured between 
25°C to 165°C. It was found that the CTE decreased with addition of woven fabric due to the 
low CTE values of fabric compared to that of vinyl ester. The further decrease on the CTE 
was observed with inclusion of microspheres. The authors attributed this observation to the 
restricted molecular chain movement of matrix as the microspheres occupied the free volume 
in the composite.    
2.5.6. Viscoelasticity 
When the material is subjected to sinusoidal oscillating stresses, the strain is neither in phase 
with the stress (perfectly elastic solid) nor 90° out of phase (perfectly viscous liquid). The 
strain is out of phase with the applied stress by the phase angle, δ. Some of the applied stress 
is stored as potential energy in each cycle, and some is dissipated as heat upon deformation 
and this phenomenon is called viscoelastic. The structure of metals shows a small deviation 
from perfect elasticity whereas the mechanical behaviour of polymer is dominated by the 
viscoelastic phenomena [99, 100]. The viscoelastic behaviour of polymeric materials 
provides the information on the nature and the rates of the configurational rearrangements, 
and interaction of macromolecules. Dynamic Mechanical Analysis (DMA) has been widely 
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employed for investigating the viscoelastic behaviour of polymeric materials due to its 
accuracy. Owing to the viscoelastic nature of polymeric material, the modulus is significantly 
reduced at temperatures higher than the Tg. Segmental molecular chains gain enough mobility 
to slide past each other hence the transition from glassy to rubbery state above the Tg,. The Tg 
represent a major transition for the polymer as physical properties change drastically. It 
defines the maximum operating temperature of a given polymer as the upper limit for use. As 
a result, the investigation on the polymer based on viscoelastic properties provides the 
information to determine the operating rage of a polymer as shown in Fig. 2-7 [100].  
 
 
Figure 2-7 Definition of an operating range based on the position of Tg in (a) epoxy and (b) 
polypropylene [100]. 
The viscoelastic properties of the composite with different types of microsphere embedded in 
polymer have been reported [101-104]. For example, Liang et al. [105] investigated the 
dynamic mechanical properties of hollow glass microsphere filled thermoplastic composite. 
The HGM filled polypropylene (PP) composite was examined using the DMA. The results 
showed that the storage modulus (E´) and loss modulus (E´´) were increased with the 
increasing volume fraction of HGM. On the other hand, the mechanical damping (tan δ) did 
not reveal significant changes. Also, the glass transition temperature slightly increased with 
filler concentration. In regards to the filler size, the larger filler showed higher dynamic 
moduli than the smaller filler.  
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Mochane and Luyt [64] prepared the microencapsulated paraffin wax with polystyrene (PS) 
as a shell material and embedded in the polypropylene (PP) composite. The influence of 
PS:wax microcapsule on thermal and mechanical properties of the composite was 
investigated. The results of DMA scans revealed that storage modulus (E´) decreased with 
increasing the contents of PS:wax microcapsule. The melting of the wax was observed as 
well as other relaxations. The Tg was moved to the lower temperature when compared to that 
of PP.  
2.6. Summary 
As evident from the limited studies available in the literature, the integration of the micro-
PCMs into FRP composite laminates to achieve both thermal management and structural 
functionalities has not been addressed comprehensively. Although several studies have 
reported on the inclusion effect of different microcapsules in polymer matrices, the failure 
mechanisms associated with the presence of micro-PCMs in FRP composites have not been 
adequately addressed in the open literature. It was clear that adhesion between the polymer 
matrix and filler is critical to determine the strength of the composite. The volume of PCMs 
can be affected by temperature changes causing the degradation of the interface during the 
solid ↔ liquid phase transition. However, the influence of the volume change on micro-
PCMs has not been addressed in the determination of mechanical and thermophysical 
properties since the adhesion is crucial.     
In regards to the thermophysical property, a majority of open literature has dealt with phase 
change properties/thermal stability of the composite incorporating micro-PCMs. The volume 
fraction is a principle parameter to determine the thermophysical properties. Thermophysical 
properties of the composite are strongly determined from the thermal conductivity of 
individual phase (the matrix and the filler). The interface between the filler and the matrix is 
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a key issue regarding thermophysical properties. However, there is still a gap in the influence 
of the continuous fibre on micro-PCMs into FRP composite. Given the amount of open 
literature, the information on other factors including the CTE and viscoelasticity are still lack. 
2.6.1. Material selection 
Based on the literature review, the woven fabric and microencapsulated PCMs (organic 
PCMs) were chosen to be implemented in this project. The main reasons to select the woven 
fabric can be summarised as: (1) the balanced in-plane properties, and (2) micro-PCMs can 
occupy available spaces between individual tows to minimise the inclusion effect (see Figure 
2-8). The advantages of using organic-based micro-PCMs are twofold. With the 
microencapsulation technology, PCMs are protected from the surrounding environment. In 
addition, the shell material prevents the leakage during phase transition. These characteristics 
of micro-PCMs along with their availability as a commercial product, promotes the 
integration capability of microencapsulated PCMs into another material systems 
 
Figure 2-8 Micro-PCMs dispersion in available spaces between individual tows 
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3. EFFECT OF MICRO-PCMS ON MECHANICAL PROPERTIES OF MULTIFUNCTIONAL 
COMPOSITE 
3.1. Introduction 
As evident from the limited studies available in the literature, the integration of micro-PCMs 
into FRP composite laminates to achieve both thermal management and structural 
functionalities has not been addressed comprehensively. In order to develop FRP-
incorporated multifunctional composites, it is necessary to fully understand the inclusion 
effect of micro-PCMs with respect to the mechanical properties of such composite laminates. 
Although several studies have been reported on the inclusion effect of different 
microcapsules in polymer matrices [67, 106-110], the failure mechanisms associated with the 
presence of micro-PCMs in FRP composites have not been adequately addressed in the open 
literature. This chapter reports an experimental study on the influences of incorporating 
micro-PCMs on the mechanical properties of glassfibre/epoxy composites.  
3.2. Materials & Methods 
3.2.1. Materials 
A plain woven E-glass fabric (195 g m
-2
) obtained from Colan Australia, Australia. Bisphenol 
F epoxy resin, RenLam
®
 LY113, together with the corresponding amine-based hardener, 
RenLam
®
 HY97-1, was purchased from Huntsman, Australia. Vinyl ester SPV 1265 and 
methyl ethyl ketone peroxide (MEKP) catalyst were supplied by Nuplex composite, Australia. 
Micro-PCMs (MPCM 37) were obtained from Microtek Laboratories Inc. The capsule 
composition was 85-90 wt.% Paraffin-based PCMs (n-Eicosane) and 10-15 wt.% polymer 
shell (melamine-formaldehyde) [111, 112]. The mean size of microcapsules was 18.5 ± 1.5 
μm with melting temperature of 37°C and the heat of fusion of 190-200 J s-1. 
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3.2.2. Fabrication of Epoxy/micro-PCMs composites 
In order to study the effect of incorporating micro-PCMs on the mechanical properties of 
epoxy (LY113), specimens with 10, 20, 30, 40 and 50wt.% of PCMs microcapsules were 
manufactured. After adding pre-determined micro-PCMs to the epoxy resin, a mechanical 
mixer was used at 900 rpm for 30 min to achieve a uniform dispersion. The epoxy/ micro-
PCMs slurry was then degassed for 30 min to eliminate any entrapped air before adding the 
hardener (HY113) at a weight ratio of 10:3. The epoxy/micro-PCMs/hardener mixture was 
briefly degassed for 3 min and then poured into a mould to be cured at room temperature for 
24 hr. The panels were consequently post-cured according to the recommended thermal cycle 
provided by the supplier: 12 h at 40°C → 2 h at 60°C → 2 h at 80°C → 2 h at 100°C→ 12 h 
at 120°C. Tension samples of 250 mm length × 25 mm width according to ASTM D3039 and 
NASA short block compression coupons (52 mm length × 25 mm width) were then prepared.  
3.2.3. Fabrication of Glass/Epoxy composite incorporating micro-PCMs 
Plain woven E-glass fabric was used to fabricate composite specimens incorporated with 
micro-PCMs. Following the procedure mentioned above, the epoxy/micro-PCMs/hardener 
slurry was prepared and used to impregnate 16 layers of glass fabrics using wet hand lay-up 
method to achieve a fibre weight fraction of 60%. To study the effect of laminate 
configuration on mechanical properties of multifunctional composites, cross-ply [0
o
/90
o
]8s 
and quasi-isotropic [0
o
/90
o
/±45
o
]4s specimens were manufactured. The laminates were 
vacuum-bagged and left to cure at room temperature for 24 hr followed by the post-curing 
cycle described in Section 3.2.2. Test coupons for tensile (250 mm length × 25 mm width), 
flexural (150 mm length × 25 mm width), short beam shear (18 mm length × 6 mm width) 
and NASA short block compression (52 mm length × 25 mm width) experiments were then 
cut using a diamond saw.  
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3.2.4. Fabrication of Double Cantilever Beam (DCB) specimen   
To fabricate DCB specimens, micro-PCMs were added to the vinyl ester resin, and mixed for 
1 hr followed by 1 wt.% application of MEKP as hardener. Test specimens were then 
manufactured using wet hand layup consisting of four layers of glass/vinyl ester incorporated 
with micro-PCM in the middle and 8 plies of conventional glass/vinyl ester plies on either 
side. A PTFE film (Teflon™) was inserted in the mid-plane of the laminate to provide an 
initial delamination length (ao) of 50 mm.  The laminates were then vacuum-bagged and left 
to cure at room temperature for 24 hr followed by post-curing at 120 °C for 2 hr. The test 
coupons were then cut into 170 mm long and 25 mm wide specimens using a diamond saw. 
3.2.5. Characterisation techniques 
Tensile testing was performed under displacement control at 2 mm/min using an Instron 5569 
universal testing machine following the ASTM D3039-08 standard. In addition to load and 
displacement data, the tensile strain was recorded using an extensometer (Epsilon 3542) with 
a gauge length of 25 mm. Four-point flexural tests were also conducted on the same testing 
machine with a crosshead displacement rate of 1 mm/min, following ASTM D7264-07. The 
span-to-thickness ratio of 32:1 is suggested in the ASTM standard for a 4-mm thickness 
specimen. Since in this study, the average thickness of test coupons was 3 mm, therefore the 
support and loading spans were reduced to achieve a span-to-thickness ratio of 26:1.  A linear 
variable displacement transducer (LVDT) was used to capture the out-of-plane flexural 
displacement at the mid-point of the specimen. Compression tests were conducted according 
to the NASA short block test standard [113] using the Instron 5569 universal test machine at 
a cross-head displacement of 0.5 mm/min. Compressive strains were also collected through 
an extensometer (Epsilon 3542) with a gauge length of 10 mm. Short beam shear (SBS) tests 
were performed according to the ASTM D2344-13 standard at a loading rate of 1.0 mm/min. 
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Since the specimen thickness varied with different micro-PCMs concentrations, an average 
thickness of 3 mm was used to determine the loading span length of 12 mm. This was based 
on the loading-span to thickness ratio of 4.  It should be noted that the compressive strength 
was reported as the maximum stress instead of fracture strength. All tests were repeated at 
least three times and the average values are reported.  
 Mode Ι fracture toughness tests were conducted in accordance with ASTM D5528-13. A 
constant crosshead rate of 2 mm/min was used to open the crack until the crack length 
reached to 100 mm. Mode Ι interlaminar fracture toughness (𝐺𝛪) was calculated using the 
Modified Beam Theory (MBT) method:  
)(2
3


ab
P
GI

          (3-1) 
where P = load, δ = load point displacement, a = delamination length, b = specimen width, 
and |∆|  = a correction factor from cube root of compliance,  𝐶1/3  as a function of 
delamination length. Surface morphologies of the fractured specimens were examined using a 
Scanning Electron Microscope (SEM), FEI Quanta 2000 ESEM operating at an accelerating 
voltage of 30 kV and spot size of 5. Prior to examination, the fractured specimens were gold 
coated using the SPI module sputter coater.  
3.3. Results and Discussion 
3.3.1. Epoxy/micro-PCMs composites 
Fig. 3-1 illustrates the variation in specific tensile and compression moduli and strength of 
micro-PCMs-reinforced epoxy composites as a function of the weight fraction of PCMs 
microcapsules. It can be seen that the introduction of microcapsules resulted in a reduction of 
the specific strength and moduli under tensile and compression loading.   
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Figure 3-1 Effect of micro-PCMs loading on the (a) specific modulus and (b) specific 
strength of epoxy/ micro-PCMs composites 
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While the reduction of modulus is linearly proportional to the amount of microcapsule 
loading, the tensile and compression strength showed an exponential decay. Similar 
behaviour for other types of micro-PCMs-polymer composites was reported in [67, 92]. The 
reduction in elastic modulus can be explained by the fact that the variation of modulus in 
particulate-polymer composites is mainly controlled by the modulus of constitutive 
components and particle loading [48]. Since the modulus of micro-PCMs used in this study 
was not known an indirect approach was implemented to explain the elastic modulus 
reduction which was noticeably high in these composites. 
Previous studies have shown that relative stiffness of the particle to that of the host epoxy 
plays a significant role in the fracture behaviour of the composite [48, 62, 67, 106, 107]. 
White et al. [62] investigated the effect of the relative stiffness of the microcapsule and epoxy 
matrix on the crack propagation of composites under tensile loading. They found that the 
crack was attracted towards the microcapsules in the case of compliant spherical inclusion. In 
addition, in a series of work by Guild and Young [114, 115], using a predictive model for 
particulate-filled composites, it was shown that the maximum stress concentration occurs at 
the interface close to the “equator” of soft particles (i.e. rubber spheres) while for hard 
particles such as glass beads, the stress concentration site is above the “pole”.  
To investigate the failure pattern of microcapsules used in this study, the tensile fracture 
surfaces of composites having 10 wt.% and 50 wt.% micro-PCMs were examined using the 
SEM. As it can be seen from Fig. 3-2, the crack path was mainly through the “equator” of the 
micro-PCMs while debonding occurred between the matrix and microcapsules. Based on 
these observations, it can be concluded that the Young’s modulus of microcapsules used in 
this study was lower than that of the epoxy, which led to a reduced modulus of the 
composites. It is also worth pointing out that the density of voids in composite specimens 
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with 50 wt.% is higher than those with 10 wt.% of micro-PCMs, as evident from the SEM 
images.  
  
(a) (b) 
Figure 3-2 Micrographs of the tensile fracture surfaces for epoxy/ micro-PCMs composites 
with (a) 10 wt.% and (b) 50 wt.% micro-PCMs 
From Fig. 3-1b, it can be seen that increasing the concentration of micro-PCMs results in 
decreased compression and tensile strength of the composite specimens. The strength of 
particulate composites strongly depends on the efficiency of stress transfer between 
constitutive components [48] which is controlled by the interfacial bonding [116]. A weak 
bonding between the matrix and the filler will promote crack propagation that would result in 
the reduction of strength in particulate-filled composites. Fig. 3-2a shows few instances of 
debonding between micro-PCMs and epoxy even at low concentration of 10 wt.% of micro-
PCMs. The vast extension of weak interfacial bonding for composites with higher wt.% of 
micro-PCMs can be attributed to the increasing apparent viscosity of micro-PCMs slurry 
during fabrication that deteriorates the wetting of microcapsule by the matrix. In fact, it was 
previously demonstrated that the micro-PCMs slurry behaves as a Newtonian fluid only up to 
a weight fraction lower than 20 % [117]. Therefore, the increasing viscosity in composites 
Fractured micro-PCMs 
Debonding 
Fractured micro-PCMs 
Poorly wetted micro-PCMs 
  
39 
 
with the high percentage of micro-PCMs can influence the interfacial bonding and 
consequently affect the strength of the composites. 
3.3.2. Glass/Epoxy/micro-PCMs composites 
3.3.2.1. Fibre volume fraction 
As the density of the matrix varied due to the addition of micro-PCMs, it resulted in the 
different fibre volume fraction of the composite. The fibre volume fractions were determined 
from matrix burn-off test according to ASTM D3171-15. The furnace was preheated at 
500 °C and then samples were subjected to a higher temperature of 600 °C for an hour. The 
weight fraction of fibre was calculated by measuring the weight of the sample before and 
after combustion. Using equation (3-2) the volume fraction of the fibre was then determined: 
fmmf
fm
f
WW
W
V



              (3-2) 
where Vf and Wf are the fibre volume and weight fractions, f is the density of fibre (2.54 g 
cm
-3
) and Wm  and m are the corresponding properties of the matrix. The results are shown in 
Table 3-1. It should be noted that the density of the matrix in equation (3-2) was adopted 
from the values obtained for the cured epoxy/micro-PCMs composites, described in Section 
3.3.1. To ensure a fair comparison of mechanical properties, the measured modulus and 
strength of composite specimens were normalised at a fibre volume fraction of Vf = 40 % for 
all concentrations of micro-PCMs. 
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Table 3-1 The thickness and density of micro-PCMs-enhanced laminates 
Micro-PCMs  
weight fraction 
/% 
m  
/g cm
-3
 
c  
/g cm
-3
 
Vf  
/% 
0 1.134 1.7 ± 0.0 43.5 ± 0.2 
4 1.110 1.6 ± 0.0 42.6 ± 0.1 
12 1.013 1.5 ± 0.1 36.7 ± 0.7 
20 0.917 1.4 ± 0.1 33.2 ± 1.6 
 
3.3.2.2. Tensile properties of micro-PCMs-enhanced FRP composite 
Fig. 3-3 shows that the effect of microcapsule loading on the tensile modulus and strength of 
cross-ply and quasi-isotropic glass/epoxy/micro-PCMs composites. As it is expected, cross-
ply laminates demonstrate higher strength and stiffness compared to the quasi-isotropic 
composites. Increasing the micro-PCMs concentration had an adverse effect on both the 
tensile modulus and strength of laminates used in this study. However, the tensile stiffness of 
cross-ply and quasi-isotropic laminates showed no sensitivity to increased micro-PCMs 
concentration after an initial drop of 11 % due to incorporating 4 wt.% of micro-PCMs. The 
tensile strength of both laminates, on the other hand was decreased almost linearly by 
increasing micro-PCMs weight percentage. The rate of reduction in tensile strength (≈ 0.065 
MPa /wt.% micro-PCMs) was independent of the laminate configuration. 
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Figure 3-3 The variation of tensile modulus and strength with weight fraction of micro-PCMs 
 
  
0 5 10 15 20
0
5
10
15
20
25
T
e
n
s
ile
 M
o
d
u
lu
s
 (
G
P
a
)
wt.% of micro-PCMs
 Cross-ply
Quasi-isotropic
0 5 10 15 20
0
100
200
300
400
 Cross-ply
 Quasi-isotropic
T
e
n
s
ile
 S
tr
e
n
g
th
 (
M
P
a
)
wt.% of micro-PCMs
(a) 
(b) 
  
42 
 
Visual inspection of the failed specimens, as shown in Fig. 3-4 revealed two dominant failure 
mechanisms depending on PCM concentration. For glass/epoxy specimens without any 
micro-PCMs and for those with 4 wt.% of micro-PCMs, a similar behaviour of fibre/matrix 
splitting -‘brush-like’ failure - was observed as shown in Fig. 3-4a and 3-4b. However, 
increasing the micro-PCMs concentration to 12 and 20 wt.% caused ‘edge delamination’ 
throughout the specimen (Fig. 3-4c and 3-4d). The observed fracture behaviour of 
glass/epoxy/micro-PCMs composites can be explained by taking into account the interfacial 
bonding between epoxy and PCM microcapsules. 
    
(a) 0 wt.% (b) 4 wt.% (c) 12 wt.% (d) 20 wt.% 
Figure 3-4 Tensile fracture patterns observed in glass/epoxy/micro-PCMs composites. 
Several studies [118-121] have shown that the quality of adhesion at the interface of 
constitutive components is of crucial importance to the behaviour of composite laminates. 
The adhesion strength at the interface determines the load transfer capability between the 
components and eventually controls the strength and toughness of the composite. The elastic 
modulus, however, is not affected by interfacial adhesion because, for small loads or 
displacements, there is insufficient dilation to cause interface separation. It is worthwhile to 
note that filler loading also affects the strength of particulate composites, as discussed in 
Section 3.3.1.  
To investigate the quality of adhesion between constitutive components in micro-PCMs-
enhanced composites, fracture surfaces of cross-ply laminates were examined using the SEM. 
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Fig. 3-5 shows micrographs of the failed surfaces for laminates with micro-PCMs 
concentration between 0 and 20 wt.%.  
  
(a) 0 wt.% (b) 4 wt.% 
  
(c)12 wt.% (d) 20 wt.% 
Figure 3-5 Variation of the fracture mode by increasing micro-PCMs loading 
The glass/epoxy composites with 0 wt.% of micro-PCMs (Fig. 3-5a) exhibit some degrees of 
fibre/matrix interfacial failure that is evident from clear fibre surfaces and little matrix 
material on the fibre surfaces. This micro-failure mode is responsible for creating a ‘brush-
like’ fracture pattern as seen in Fig. 3-4a. Adding the micro-PCMs to composites introduces a 
new interface between epoxy and microcapsules. The quality of this interfacial bonding has a 
prominent effect on the strength of micro-PCMs composites. A strong interfacial bonding 
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between the micro-PCMs microcapsules and epoxy is critical for effective stress transfer 
leading to high composite strength.  
Examinations of the fracture surfaces of composite specimens with different percentage of 
micro-PCMs show extensive damage due to poor microcapsule/epoxy adhesion (Fig. 3-5). 
Owing to the weak micro-PCMs /matrix bonding, the damage evolution occurs at early stages 
of loading, and the stress transfer from critically stressed fibres to lower-stressed regions 
cannot be done properly. Consequently, the laminate is cumulatively weakened and cannot 
sustain the same loads as that of composites with 0 wt.% micro-PCMs. By increasing the 
concentration of micro-PCMs, the weak interface between polymer matrix and microcapsules 
becomes dominant and controls the global failure of the specimen. In specimens with 20 wt. % 
of micro-PCMs, large areas of clean fibres at the ply boundary can be observed (Fig. 3-5d). 
The addition of micro-PCMs to the epoxy matrix increases its viscosity and reduces the 
amount of epoxy that is required for adequate wetting of the fibres. In a wet lay-up 
manufacturing method, this may result in reduced fibre impregnation and degraded 
fibre/matrix interfacial coupling [63]. Increasing the percentage of un-wetted fibres due to 
high micro-PCMs loading, promotes interlaminar delamination that results in early failure of 
the composite laminate.  
3.3.2.3. Compressive properties of micro-PCMs-enhanced FRP composite 
Fig. 3-6 illustrates the effect of micro-PCMs loading on the compression properties (modulus 
and strength) of glass/epoxy/micro-PCMs composites. The compressive moduli of cross-ply 
and quasi-isotropic laminates were reduced by increasing the weight percentage of micro-
PCMs.  
  
  
45 
 
 
 
Figure 3-6 The variation of compressive modulus and strength with weight fraction of micro-
PCMs. 
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The inverse linear proportionality between micro-PCMs concentration and compression 
modulus suggests that the adhesion between matrix and microcapsules was not strong enough 
to effectively transfer the applied stress without considerable deformation. It is worthy to note 
that the rate of reduction in the elastic modulus appears to be dependent upon the laminate 
configurations. As expected, in cross-ply laminates the compressive modulus was reduced at 
a higher rate (≈ 0.36 GPa/wt.% micro-PCMs) compared to that of the quasi-isotropic 
laminates (≈ 0.13 GPa/wt.% micro-PCMs).   
The presence of micro-PCMs in the interlaminar region may promote further matrix cracking 
and ply delamination. From the visual observations in Fig. 3-7, a kink band was observed in 
glass/epoxy composites with 0 and 4 wt.% of micro-PCMs. The kink band was induced by a 
fibre micro-buckling and is orientated approximately 45° to a loading direction. The 
extension of fibre/matrix splitting is greater in specimens with 4 wt.% of micro-PCMs 
compared to that of control samples with no microcapsules. 
    
(a) 0 wt.% (b) 4 wt.% (c) 12 wt.% (d) 20 wt.% 
Figure 3-7 Variation of the compression failure mode by micro-PCM loading 
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This phenomenon can be attributed to reduced fibre/matrix interfacial bonding due to the 
presence of micro-PCMs that may prevent a direct contact between fibre and matrix. 
Increasing the micro-PCMs concentration resulted in ply delamination failure in composites 
with 12 wt.% and 20 wt.% micro-PCMs, as illustrated in Fig. 3-7.  
Due to poor interfacial properties between fibre/matrix and microcapsules/matrix in these 
specimens, fibres were easily separated from the matrix causing global delamination and final 
failure [122].  Unlike the tensile properties, the rate of reduction of compression strength in 
cross-ply laminates was greater than that of quasi-isotropic laminates for composites with 20 
wt.% of micro-PCMs. This different behaviour is due to the fact that the amount of fibres 
supporting the compression loading in cross-ply laminates is less than that in quasi-isotropic 
laminates. Also, the different degree of transferring the applied external loading can be 
expected due to fibre orientation when micro-PCMs were located in the interfacial region. 
The influence of the applied loading in cross-ply is greater than that of quasi-isotropic 
laminate. Therefore, a greater reduction in the compression strength of cross-ply laminates is 
expected. 
3.3.2.4. Flexural properties of micro-PCMs-enhanced FRP composite 
The effect of micro-PCMs concentration on the flexural properties (modulus and strength) of 
glass/epoxy/ micro-PCMs composites is presented in Fig. 3-8. After an initial reduction of 12% 
due to incorporating 4wt. % micro-PCMs, the flexural modulus of quasi-isotropic composites 
was reduced only by further 5% after increasing the weight percentage of microcapsules to 20 
wt. %. These results are not unexpected as the modulus is measured at low strains and the 
influence of the interfacial bonding (between fibre/matrix and matrix/micro-PCMs) will not 
be pronounced at these strains.  
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Figure 3-8 The variation of  flexural modulus and strength with weight fraction of micro-
PCMs. 
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However, as the weight percent of micro-PCMs increases and thus the interfacial area 
between epoxy and the micro-PCMs becomes larger, the contribution of the interface turns 
out to be significant. An unexpected change in the flexural modulus was observed for 
composites with 12 wt.% of the micro-PCMs. This might be attributed to an interlaminar 
sliding among different layers that reduces the axial strain in the outer fibres and results in 
higher flexural modulus in composites with poor fibre-matrix adhesion [122].   
Similar to the compression strength, a significant decrease in the flexural strength of 
glass/epoxy/micro-PCMs composites was observed for specimens with 20 wt.% 
microcapsules. At this level of micro-PCMs loading, the flexural strength of cross-ply and 
quasi-isotropic laminates was reduced by 44 and 33 %, respectively. Such a significant 
reduction in the flexural strength can be attributed to dominant interlaminar failure in 
laminates with the micro-PCMs concentration of 20 wt.%.  
3.3.2.5. Short beam shear strength of micro-PCMs-enhanced FRP composite 
As discussed in previous sections, the tension, compression and flexural properties of FRP 
composites was reduced due to the integration of micro-PCMs. In addition, the interfacial 
bonding between fibre/matrix and matrix/microcapsules was introduced as a decisive 
parameter in promoting different failure modes that eventually led to the degradation of 
mechanical properties. To characterise the interfacial properties of micro-PCMs-enhanced 
FRP composites short beam shear tests were conducted. It should be noted that although 
shear is the dominant applied loading in this test method, the internal stresses are complex, 
and a variety of failure modes can occur [123]. To have a valid short-beam shear strength 
from this test, an interlaminar failure should occur at the mid-plane of the specimens.  
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Figure 3-9 Influence of micro-PCMs loading on short-beam shear strength (a) and typical 
load-displacement curves for SBS tests (b) 
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Fig. 3-9 shows the short-beam shear strength for the various composition of 
glass/epoxy/micro-PCMs composites. As a general trend, by increasing the weight percentage 
of micro-PCMs the shear strength of cross-ply and quasi-isotropic laminates is deteriorated. 
At a micro-PCMs concentration of 20 wt.%, the short-beam shear strength decreased by 70 % 
and 61 % in cross-ply and quasi-isotropic laminates, respectively. Based on these 
observations, it can be concluded that the quality of interlaminar properties of glass/epoxy 
composites significantly degraded due to the incorporation of micro-PCMs.  
SEM micrographs of the specimens tested under short-beam three point bending are shown in 
Fig. 3-10. For the control laminate with 0 wt.% micro-PCMs, compressive buckling near the 
loading nose accompanied with fibre/matrix debonding was observed, Fig 3-10a. Whitney 
and Browning [124] reporting the coupling of failure modes in short-beam tests, concluded 
that the compressive buckling is due to the fact that compression stresses suppress 
interlaminar shear failure modes. Thus, the appearance of compressive failure in the control 
laminate (Fig. 3-10a) was due to the combination of interfacial and matrix failure. This 
behaviour is also reflected in the load-displacement curve for the control specimens (see Fig. 
3-9b). While a sudden drop in the load-displacement was observed for control specimens, 
relatively a constant load was noticed for other laminates with a micro-PCMs concentration 
of 12 and 20 wt.%. Research [125] shows that under short-beam testing, low shear strength in 
load-displacement behaviour is associated with the delamination while high shear strength is 
an indication of compressive fibre failure. From SEM micrographs, the interlaminar 
delamination was observed in specimens with 4 wt.% micro-PCMs, as shown in Fig. 3-10b. 
The extension of delamination was larger in specimens with increased micro-PCMs loading 
(Fig. 3-10c and 3-10d) due to inadequate fibre/matrix and matrix/microcapsule interfacial 
properties.  
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(a)  (b)  
  
(c)  (d)  
Figure 3-10 Micrographs of SBS tests illustrating various fracture modes for different micro-
PCMs loading 
3.3.2.6. Mode Ι interlaminar fracture toughness 
Fig. 3-11 illustrates the delamination resistance (R-curve) versus crack length as a function of 
wt.% micro-PCMs. The GIc increased over the first 10 mm except for the specimens with 
micro-PCMs weight concentration of 20 wt.%. The mode Ι critical strain energy release rates 
for crack initiation (GΙi) and steady-state propagation (GΙc) are reported in Table 3-2.  The GΙi 
is corresponding to the crack initiation (a < 51 mm) while the GΙc is the average value during 
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Matrix cracking 
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steady-state crack propagation (a > 65 mm). The main energy absorbing mechanism during 
the steady-state crack propagation in glass fibre reinforced composites is fibre bridging [126].  
 
Figure 3-11 A delamination resistance (R-curve) as a function of wt.% micro-PCMs. 
Previous research [127] shows that while GΙi is independent of the fibre volume fraction, the 
critical strain energy release rate at steady-state crack propagation, GΙc, changes with fibre 
volume fraction [128]. Both the initial and steady-state interlaminar fracture toughness of the 
laminates containing 4 wt.% of micro-PCMs was increased by 2 and 17 %, respectively, 
when compared to that of the control specimens. On the other hand, the corresponding values 
for composite laminates with higher PCM concentration show an opposite trend. This 
observation indicates that there is a transition point where for micro-PCMs concentration 
higher than a particular threshold, a different toughening mechanism is activated in the 
composite laminate. The initial increasing in interlaminar toughness in specimens with 4 wt.% 
of microencapsulated PCMs is attributed to the crack pinning and micro-cracking, primary 
mechanisms observed for particle toughening [60]. However, at higher micro-PCMs 
concentration, the poor wetting of the filler results in variation of the failure mechanism [60]. 
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Therefore, it can be said that the reduction of GΙc in laminates with a weight fraction of 12 
and 20 % is due the poor particle-matrix adhesion.  
Table 3-2 Mode Ι interlaminar fracture toughness for crack initiation and steady-state 
propagation as a function of wt.% micro-PCMs 
Micro-PCMs 
weight fraction 
/% 
GΙi 
 /kJ m
-2
 
GΙc  
/kJ m
-2
 
0 0.466 ± 0.022 0.865 ± 0.080 
4 0.474 ± 0.077 1.012 ± 0.069 
12 0.387 ± 0.026 0.836 ± 0.006 
20 0.213 ± 0.011 0.445 ± 0.021 
 
Fig. 3-12 illustrates the micrographs of fractured surfaces for DCB specimens at crack 
initiation region. The pre-crack is located at the right hand side and the crack growth 
direction was from right to left. It was found that the initial crack growth in control 
specimens and composites with a micro-PCMs concentration of 4 wt.% was mainly 
associated with the matrix failure and fibre-matrix interface, as shown in Fig. 3-12a and 3-
12b, respectively. For specimens with higher micro-PCMs loading, however, the crack 
propagation was through the matrix with little to no fibre bridging (Fig. 3-12c and 3-12d).  
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(a)   (b)  
(c)  (d) 
Figure 3-12 The micrographs of fracture surface of mode Ι fracture surfaces in the initiation 
region as function of weight fraction of micro-PCMs 
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 (a)  (b)  
(c) (d) 
Figure 3-13 The micrographs of fracture surface of mode Ι fracture surfaces in the steady-
state region as function of weight fraction of micro-PCMs 
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Fig. 3-13 shows the micrographs of the fractured surface along steady-state crack propagation 
region. A combination of adhesive failure at the fibre-matrix interface and cohesive failure at 
the matrix was the main toughening mechanism when micro-PCMs weight faction of 0 and 
12 % were used (Fig. 3-13a and 3-13c). Fig. 3-13b shows the crack path deflection that was 
observed in composite laminates with 4 wt.% of micro-PCMs. Such crack deflection, results 
in higher energy requirement for crack propagation. A clear debonding of micro-PCMs can 
be observed through examining the same specimens under higher magnification in Fig. 3-14. 
Therefore, the improved fracture toughness in composite laminates incorporating 4 wt.% 
micro-PCMs is due to the activation of crack pining and debonding mechanisms.   
  
Figure 3-14 The micrograph of the composite contains 4 wt.% micro-PCMs in the higher 
magnification (3000×)  
3.4. Summary 
Due to their high efficiency, micro-PCMs -based thermal storage systems have attracted more 
attention in recent years from the research community as well as the industry. Employing 
microencapsulated PCMs in FRP composites leads to the development of multifunctional 
laminates that can simultaneously carry structural loads and have thermal management 
capability. As a first step in developing such a multifunctional laminate, the effects of micro-
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PCMs inclusion on the mechanical properties of glass/epoxy laminates were investigated. 
After fabricating test specimens with varying weight percentage of micro-PCMs, mechanical 
tests including tension, compression, flexure and short beam strength were conducted. The 
introduction of micro-PCMs into epoxy resin led to a reduction in the density of the resultant 
composite specimens due to the lower density of the former. While the specific tensile and 
compression strength of epoxy/micro-PCMs composites decreased significantly after 
introducing 10 wt.% of microcapsules, the rate of the reduction was not high for further 
micro-PCMs loading.  However, a linear reduction was observed for both tensile and 
compression specific moduli as a function of microcapsules are loading. Using SEM 
micrographs, it was found that relatively low stiffness of the microcapsules, the existence of 
voids and debonding of the microcapsules from matrix due to weak interfacial adhesion are 
responsible for the reduction of mechanical properties. 
The tensile modulus of glass/epoxy/ micro-PCMs composites decreased by 11 % in both 
cross-ply and quasi-isotropic laminates after introducing 4 wt.% microcapsules. A further 
increment of micro-PCMs fillers did not have any noticeable effect on the tensile modulus. 
The compression modulus, on the other hand, was sensitive to the laminate configuration and 
in cross-ply composites the compression modulus was degraded continuously by 
incorporating more micro-PCMs. A similar behaviour was also observed for the tensile and 
compression strength of glass/epoxy/micro-PCMs composites. The compressive strength of 
cross-ply laminates was rapidly deteriorated when a high concentration of microcapsules (20 
wt.%) was used in the laminate. Examining the failure modes, it was revealed that the matrix 
cracking, fibre/matrix splitting and interlaminar delamination increased with increasing the 
micro-PCMs loading. Furthermore, debonding of microcapsules from the matrix was also 
observed in all laminates.  
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Considering the above mentioned failure modes, SBS tests were conducted to quantify the 
interfacial bonding between fibre/matrix and micro-PCMs/matrix in the fabricated 
composites. The results revealed that the interlaminar properties of micro-PCMs-enhanced 
glass/epoxy composite laminates decreased by 70 % and 61 % in cross-ply and quasi-
isotropic laminates, respectively, at a micro-PCMs concentration of 20 wt.%. This significant 
reduction was due to reduced volume fraction of the matrix as well as increased viscosity that 
leads to poor wetting of fibres during hand lay-up fabrication. Furthermore, the steady-state 
mode Ι interlaminar fracture toughness of micro-PCMs-enhanced FRP composites was 
increased by 17 % due to the inclusion of 4 wt.% of micro-PCMs. However, increasing the 
micro-PCMs loading in composite specimens resulted in the reduction of fracture toughness.  
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4. EFFECT OF MICRO-PCMS ON THERMOPHYSICAL PROPERTIES OF 
MULTIFUNCTIONAL COMPOSITE 
4.1. Introduction 
In addition to mechanical properties, incorporating micro-PCMs in FRP composites also 
influences the thermophysical behaviour of the host composite. A survey of open literature 
shows that the majority of available studies are focused on the thermophysical 
characterisation of microcapsules including phase change properties, thermal stability [129-
132] and thermal conductivity [133-135]. However, a possible synergetic thermophysical 
effects due to the interaction between micro-PCMs and host FRP composites has not been 
fully understood.  For adaptation of multifunctional composites with thermal storage 
capability it is therefore necessary to investigate such properties. This chapter presents an 
experimental investigation on the thermophysical properties of novel multifuctional FRP 
composites incorporating micro-PCMs. The influence of micro-PCMs inclusion on the 
thermophysical properties of FRP composites including phase change properties, thermal 
conductivity, and thermal and dimensional stability are reported.        
4.2. Materials & Methods 
4.2.1. Materials 
The same materials and fabrication methods, as presented in Chapter 3, were used to fabricate 
different specimens for thermophysical analysis.  
4.2.2. Characterise techniques  
4.2.2.1. Differential scanning calorimetry (DSC)  
A PerkinElmer DSC 8000 equipped with an Intra-cooler II was used to determine the melting 
and crystallisation properties of FRP composites incorporating micro-PCMs. DSC scans were 
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conducted under nitrogen purge with a flow rate of 20 mL min
-1
. Samples, with a weight of 
approximately 5 mg, were encapsulated in 10 μL aluminium pans and heretically sealed. The 
melting and crystallisation scans of samples were obtained at the heating/cooling rate of 2 K 
min
-1
 over a temperature range of 5°C to 50°C. The scan cycle was conducted as follows: 
heating from 5°C to 50°C → holding at 50°C for 3 min → cooling from 50°C to 5°C → 
holding at 5°C for 3 min → heating from 5°C to 50°C. The first melting cycle was performed 
to erase the thermal history of the composite and remove self-seeding nuclei of the samples. 
It should be noted that DSC scans were repeated six times to obtain averaged values.  
4.2.2.2. Heat flux apparatus 
In-house experimental set-up was developed to measure the heat flux (φ) exchanged over the 
period time during the phase transition (solid ↔ liquid) of micro-PCMs. Fig. 4-1 illustrates 
the schematic of the heat flux measurement apparatus. The composite specimen was 
sandwiched between two heat flux meters (Model B-HT with Type K thermocouple, from 
International Thermal Instrument Company, USA.), and the heat mats (12V, 3.75 W, 50 x 75 
mm, from RS Components, Australia) were placed on both ends. The temperature of heat 
mats was controlled using a DC power supply. The whole set-up was then insulted using the 
insulation materials (Fiberfrax®, k = 0.08 W m
-1 
K
-1
, from Unifrax, Australia) to reduce the 
thermal transmission through the surrounding. The lateral sides of the aperture were insulated 
by approximately 50 mm thickness of insulating materials so that a one-dimensional heat 
transfer problem can be assumed with negligible heat loss. In order to minimise the thermal 
contact resistance [136], the thermal grease (zinc oxide filled silicone, from GC Electronics, 
USA) was applied between surfaces.  
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Figure 4-1 A half bottom view and schematic drawing of the heat flux apparatus 
This experiment allows measuring the heat of fusion (ΔH) through two different iso-thermal 
conditions, which correspond to the variation of the internal energy of the system. In addition, 
the specific heat (Cp) can be simultaneously estimated. Before beginning the experiment, the 
test rig was allowed to reach a steady state at room temperature (∆φ = 0).  The initial 
temperature was set to 30°C, and gradually increased to the final temperature of 50°C on both 
side. It should be noted that the time required to reach the steady-state condition was 
approximately 4 hrs for each step. Heat flux and corresponding temperature simultaneously 
were recorded via TC-08 data logger (Pico Technology, UK). The apparent heat of fusion, 
H and specific heat capacity were then estimated as following equation (4-1) [76, 137]. 
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where ΔH is the integral of the heat flux difference (Δφ) from initial time (tini) to final time 
(tend).  Tend and Tini are corresponding temperatures to the initial and final times, ρ is the 
density, e is the thickness, and, Cp is the specific heat.  
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4.2.2.3. Thermal conductivity 
The hot disk thermal constants analyser TPS 2500S from Hot Disk AB was used to measure 
the through-thickness thermal conductivity. The instrument is based upon transient plane 
source (TPS) method to determine thermal conductivity, thermal diffusivity and volumetric 
specific heat capacity. Further information about the measurement principles of TPS can be 
found in the literature [138, 139]. A Kapton insulated disk sensor (Hot disk 7577) with a 
radius of 2 mm was sandwiched between two specimens. The specimens were cut to a 
coupon size of 30 mm × 30 mm. A heating power of 0.02 W with a pre-determined 
measurement time (10 s) was used to obtain 200 resistance data points at room temperature. 
Points between 50 and 200 were then used for analysis in order to reduce the effect of initial 
thermal-mass from the sensor [140]. The thermal conductivity was measured at least three 
times.   
4.2.2.4. Thermogravimetry Analysis (TGA) 
The composition of the specimens were analysed using TGA 7 (PerkinElmer, USA). Samples 
with a weight range of 4 - 5 mg were heated from 30 °C to 600 °C under a nitrogen purge and 
then heated to 850 °C under an air purge. The heating rate of 20 K min
-1
 was maintained 
throughout the scans. 
4.2.2.5. Modulated Temperature Thermomechanical analysis (mT-TMA) 
The linear coefficient of thermal expansion (α), before and after glass transition temperature 
was measured using a TMA Q400EM (TA Instruments, USA). The modulated-temperature 
thermomechanical analysis resolved dimension changes that were in-phase (reversing) and 
out-of-phase (non-reversing) with the modulated temperature programme [141]. Specimens 
(5 mm × 5 mm) were heated from 25 °C to 140 °C at a rate of 0.5 K min
-1
 under a nitrogen 
gas with a flow rate of 50 mL min
-1
. A sinusoidal temperature modulation with amplitude of 
  
64 
 
5 °C and period of 300 s was superimposed on the temperature ramp. Neat epoxy resin and 
micro-PCMs were also analysed for comparison purposes.  
4.3. Results and discussion 
4.3.1. Phase change properties 
Fig. 4-2 shows the heating and cooling DSC curves for micro-PCMs-enhanced composite 
laminates, and Table 4-1 summarises the results for the phase transition properties and latent 
enthalpy determined from the heat flow measurements. A peak melting temperature of 36.6 ± 
0.1 °C with a latent heat capacity (enthalpy) of 184.5 ± 0.6 J g
-1
 was measured for pure 
micro-PCMs. The measured heat of fusion was slightly lower than the manufacturer reported 
value of 190 – 200 J g-1. This small difference may be due to a different integration range 
being used to calculate the area under the heat capacity-temperature curves.  
 
Figure 4-2 Heat capacity melting and crystallisation curves with scanning rate of 2 K min
-1
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Regardless of the micro-PCMs weight fraction, one endothermic and two exothermic peaks 
were identified on the melting and crystallisation curves, respectively. The crystallisation 
behaviours of microencapsulated n-alkanes (CnH2n+2) were equivalent to that of bulk n-
alkanes, which depended on the number of carbon atoms (odd or even)  [142]. The n-
eicosane (even numbered alkanes) shows rotator phase only on crystallisation process while 
odd numbered alkanes between C9 and C21 exhibit on both melting and crystallisation process, 
and a solid-solid transition of bulk n-eicosane occurred via a metastable rotator phase [71]. 
Table 4-1 Summary of DSC results of  micro-PCMs-enhanced laminates 
 Melting Crystallisation 
Micro-PCMs  
weight 
fraction/% 
Onset Tm 
/°C 
Peak Tm 
/°C 
∆Hm 
/J g-1 
Onset Tc 
/°C 
Peak Tc 
/°C 
∆Hc 
/J g-1 
4 35.2±0.2 36.5± 0.2 6.7±2.2 36.1±0.5 35.3±0.1 6.5±1.6 
12 35.3±0.4 36.9± 0.3 19.8±3.6 36.3±0.1 35.8±0.4 21.2±3.3 
20 35.2±0.3 37.0± 0.2 40.9±6.0 36.2±0.2 35.3±0.4 40.0±4.1 
Micro-PCMs 
34.7±0.2 36.6± 0.1 184.5±0.6 36.0±0.0 34.4± 0.1 184.5±0.7 
* Based on 
homogeneous 
crystallisation 
process 
26.6±0.4* 24.1±0.0* 31.1±0.2* 
 
The second exothermic peak is an indication of homogeneous nucleation in liquid-crystal 
transition that has been observed in other investigations [143-147]. The heterogeneous 
nucleation induced by the surface freezing is governing the phase transition from liquid to 
solid of microencapsulated n-alkane [148]. The existence of two exothermic peaks in all 
specimens studied in this project suggests that the integrity of micro-PCMs was conserved 
although they have been incorporated into glass fibre/epoxy composite laminates. 
Furthermore, it was observed that the enthalpy of micro-PCMs-enhanced composite 
laminates is linearly proportional to the weight fraction of micro-PCMs, as shown in Fig. 4-3, 
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where the rule of mixture has been used to calculate the theoretical heat of fusion. This 
observation confirms that the phase change properties and physical integrity of micro-PCMs 
were preserved during the manufacturing process, as reported in similar studies [73].  
4.3.2. Apparent heat capacity 
Fig. 4-4 illustrates the variation of heat flux as a function of time between 10,000 and 20,000 
seconds. The apparent heat of fusion (ΔH) and specific heat (Cp) were then calculated using 
equation (4-1), and reported in Table 4-2. Considering the melting temperature of micro-
PCMs at 37 °C, the integral of heat flux between tini = 10,000 and tend = 20,000 seconds 
provides the total energy stored (ΔH) during the solid to liquid phase-change process. It can 
be seen that the area under the graph (the integral of heat fluxes over the time) was increased 
with increasing the micro-PCMs weight concentration.  
 
Figure 4-3 Melting and crystallisation enthalpy versus  weight  fraction of  micro-PCMs 
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Figure 4-4 The measured heat flux as a function of time when the temperature increases from 
30 to 50°C 
Compared to the control laminates, the variation of ΔH was proportional to the fraction of 
micro-PCMs in the composites, as summarised in Table 4-2. This observation suggests that 
the experimental set-up used in this study was able to correctly characterise the behaviour of 
micro-PCMs during solid to liquid phase transition.  
Table 4-2 Apparent heat of fusion and specific heat capacity 
Micro-PCMs  
weight 
fraction/% 
Ρ 
/kg·m
-3
 
e 
/m 
ΔH 
/kJ·kg
-1
 
Cp 
/kJ·kg
-1
·°C
-1
 
ΔH* 
/% 
ΔCp* 
/% 
0 1696 0.00268 14.27 0.643 - - 
4 1628 0.00286 14.88 0.657 4.12 2.09 
12 1490 0.00323 16.31 0.682 12.53 5.65 
20 1364 0.00363 17.70 0.797 19.39 19.23 
*compare to the laminate 0 wt.% of micro-PCMs 
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However, the variation of the specific heat, Cp, was not proportional to the weight fraction of 
micro-PCMs. This discrepancy can be contributed to the fact that the thermocouples used in 
the study were embedded in the mid-plane of the heat flux meters. In this case, the laminate’s 
temperature might not be accurately measured owing to different thermal conductivities of 
the heat flux meter and the laminate. 
Fig. 4-5 shows the temperature profiles of various specimens as a function of time. While for 
the composite laminates without micro-PCMs, the temperature was exponentially increased 
during the experiment, however, for the specimens with embedded micro-PCMs, the change 
of the temperature was compliant when approaching to the melting temperature of micro-
PCMs.  
 
Figure 4-5 The temperature profile (30-50°C) as function of time 
It is expected that the temperature remains at fairly constant level during PCMs melting. The 
levelling of the temperature implies that the host composite is exhibiting some degree of the 
latent thermal storage capacity. It can be clearly shown that no time delay is observed in the 
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laminates without micro-PCMs, and the time delay due to the phase transition is increased 
with increasing the micro-PCMs weight concentration. This indicates that the heat capacity of 
the laminates is increased by increasing the weight fraction of micro-PCMs. The time delay, 
observed in these experiments is one of the most important features of the integration of 
micro-PCMs in thermal management systems [149].  
4.3.3. Thermal conductivity  
The through-thickness thermal conductivity of micro-PCMs-incorporated composite 
laminates was measured experimentally using transient plane source (TPS) technique. Fig. 
4-6 shows the variation of thermal conductivity as a function of micro-PCMs weight fraction.  
 
Figure 4-6 The through-thickness thermal conductivity of multifunctional composites 
versus micro-PCMs concentration 
It was found that the thermal conductivity of composite laminates decreased with increasing 
the micro-PCMs loading. This phenomenon is attributed to the relatively lower thermal 
conductivity of micro-PCMs that was measured as 0.09 W m
-1 
K
-1
 in this study. It is also 
noteworthy that the thermal conductivity of melamine-formaldehyde microcapsules (similar 
to those used in this study) depended on the chemical composition of the shell material [93].  
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Therefore, adding micro-PCMs with a low thermal conductivity will adversely affect the 
thermal properties of PCM-enhanced polymer composites [70, 137]. A careful consideration 
such as an appropriate sample/sensor size is needed to obtain the optimal response in TPS 
technique. The accuracy can be improved by fulfilling two conditions. Firstly, the geometric 
constraints, “probing depth” (D), must not be larger than the sample size so that the heating 
from the sensor does not excessed any one of the material’s boundaries from the sensor edge. 
The D can be estimated using the equation (4-2). Secondly, an adequate experimental time 
should satisfy the dimensionless relation given from equation (4-3). When both equations are 
satisfied, the measurement is highly optimal and accurate [140, 150]. It should be noted that 
the tests were iterated until two equations satisfied.  
2/1)(2 tD            (4-2) 
1/3.0 2  rt         (4-3) 
where α is the sample thermal diffusivity (mm-2 s-1), t is the time (s), and r is the sensor radius 
(mm). Given the sensor radius (2 mm), the probing depth (D) was measured from 3.1 mm to 
3.7 mm. These results are smaller than any dimension of the specimen used in this work. 
Thus, the combination of specimen size and sensor radius is appropriate, and the solution can 
be considered as semi-infinite. Also, the relation between length of the time (10 s) and sensor 
radius was fulfilled by the requirement from equation (4-3). It can be then concluded that the 
collected data was highly accurate. Furthermore, the measurement on the thermal 
conductivity of composites is strongly influenced by their density, temperature and moisture 
as well as the microstructure and anisotropy [140]. In this work, composite specimens were 
highly anisotropic. Thus, it can be said that the scatter in the thermal conductivity 
measurement is due to non-uniform distribution of micro-PCMs in the interlaminar region of 
the composite laminates rather than the accuracy of the test condition.  
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4.3.4. Thermal stability 
Fig. 4-7 illustrates the weight loss (%) of micro-PCMs-enhanced glass fibre/epoxy 
composites as a function of temperature. The decomposition temperature for each case was 
calculated from the onset of weight loss and it is reported in Table 4-3.  
 
Figure 4-7 Representative weight loss curves of micro-PCMs-enhanced glass/epoxy 
composite as a function of temperature 
From the thermogravimetry curves (Fig. 4-7) it can be seen that incorporating 4 wt.% of the 
micro-PCMs did not affect the thermal stability of the composites. Further inclusion of 
micro-PCMs (12 and 20 wt.%) led to a reduction of the decomposition temperature due to the 
weak adhesion between the filler and matrix. On the other hand, the stronger interface can 
limit the continuous decomposition [151], and the influence of the adhesion on 
decomposition temperature was also reported in Ref. [64, 83].  
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Table 4-3 Thermal stability of micro-PCMs-enhanced glass/epoxy composites 
Micro-PCMs weight fraction 
/% 
Decomposition temperature 
/°C 
0 357 ± 7 
4 355 ± 5 
12 346 ± 6 
20 346 ± 3 
Micro-PCMs 
Undamaged:             416 ± 3 
Damaged:              410 ± 2 
Epoxy 365 ± 2 
Furthermore, those laminates with a higher micro-PCMs loading experienced an early weight 
reduction of about 5% at a temperature around 140°C. It is hypothesised that the weight loss 
at this low temperature is attributed to the leakage of the core material from micro-PCMs. 
The leakage of n-octadecane from similar microcapsules was reported in the literature [82] 
and adversely affected the thermal stability of the system [152, 153]. In order to confirm the 
cause of this initial weight loss, the micro-PCMs were damaged by squashing between two 
sliding glass plates for 2-3 minutes. As shown in Fig. 4-7, the initial weight loss for the 
damaged micro-PCMs was consistent with the observed weight loss at 140°C for composites 
with 12 and 20 wt.% of micro-PCMs. Therefore, it can be concluded that the damage of 
micro-PCMs during sample preparation may have been contributed to the initial weight loss. 
The epoxy was thermally stable until 365°C, as shown in Fig. 4-7, but was completely 
decomposed by 720°C. When the purge gas changed from nitrogen to air at 600°C, the 
carbon residue from epoxy was burned off. Thereby, the thermogravimetry curves were used 
to determine the fibre weight fraction of the composites. The final residual weight of all 
composite samples was close to 60 %, which is the weight fraction of glass fibre used during 
the manufacturing process. This behaviour was observed for all micro-PCMs-enhanced glass 
fibre/epoxy laminates regardless of the micro-PCMs loading.  
  
73 
 
4.3.5. Dimensional stability 
The coefficient of thermal expansion (CTE) is an important material property that defines the 
dimensional stability of engineering structures subjected to temperature variations. The 
modulated-temperature programme used in this study is capable of resolving the reversing 
changes from the irreversing effects such as relaxation, stress relief and post-cure of the 
specimen under external loading [154]. The linear coefficient of thermal expansion was 
calculated from the slope of the reversing dimension change versus temperature curve using 
equation (4-4): 
0
1
LdT
dL
                  (4-4) 
where dL is the change in dimension, dT is the change in temperature and L0 is the initial 
length of the specimen. The CTE was determined both below (1) and above (2) the Tg, 
although the former is generally considered to be more useful since polymers lose most of 
their mechanical properties above the Tg [155].  
The reversing curves of epoxy, micro-PCMs and composite laminates are shown in Fig. 4-8 
while coefficient of thermal expansion and Tg of the materials are summarised in Table 4-4. 
The reversing (in-phase) curve displays only the thermal expansion component of the 
material, removing non-reversing phenomena such as creep and flow. The below-Tg 
coefficient of thermal expansion of the control specimen was 30% lower than that of the neat 
resin owing to the relatively low CTE of glass fibre (about 5×10
-6 
/ K
-1
). This occurrence was 
also visually noticeable by a decrease in the curve gradient shown in Fig. 4-8. However, the 
CTE values above the Tg for the same specimens were higher than that of the neat epoxy. 
The change in the coefficient of thermal expansion below and above Tg is attributed to the 
mobilization of molecular segments that adhere to rigid fibres and only become more 
compliant upon epoxy softening [156].  
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Table 4-4 The coefficient of thermal expansion and glass transition temperature 
Micro-PCMs 
weight fraction/% 
α1 
/10
-6
K
-1
 
α2 
/10
-6
 K
-1
 
Tg
* 
/
°
C 
0 45 200 98 
4 54 209 99 
12 59 258 98 
20 63 263 96 
Epoxy 67 133 104 
Micro-PCMs 63 233 93 
*Tg was determined from the inflection on the CTE curves. 
 
 
Figure 4-8 The temperature dependence of reversing dimension change with variable  
weight  fraction of  micro-PCMs 
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Incorporating micro-PCMs into composite laminates increased the coefficient of thermal 
expansion below and above the Tg. The increase in CTE is due to the micro-PCMs/matrix 
interaction that influenced the conformational changes of the epoxy polymer chain segments 
[157]. The thermal expansion of the micro-PCMs-enhanced composite laminates depends on 
both the epoxy and micro-PCMs, and the interfacial properties between the two components. 
At micro-PCMs weight concentrations of 0, 4 and 12 %, the variation of the CTE was 
dominated by the epoxy whereas the reversing curve of composites with higher micro-PCMs 
loadings (weight fraction of 20 %) almost followed that of the micro-PCMs. It is believed 
that the thermal expansion of micro-PCMs below the Tg was supressed by the epoxy and then 
relaxed under a rubbery matrix.  
It has been demonstrated that thermophysical properties, including the CTE and Tg, can be 
significantly affected by the interfacial properties of modified epoxy/particulate composites 
[158]. A strong interaction between filler and polymer will promote better thermophysical 
properties. It should be noted that the weight fraction of micro-PCMs plays a significant role 
on determining the interfacial properties between microcapsules and epoxy. A poor wetting 
of microencapsulated PCMs by epoxy resin can result in a weak interfacial bonding. Based 
on the results presented in Fig. 4-8 and Table 4-4, when micro-PCMs are fully wetted, i.e. at 
lower weight fractions, the epoxy controls the thermal expansion coefficient of the composite 
laminates. In comparison, a higher loading of micro-PCMs (20 wt.%) results in a high 
viscosity system [159] that leads to poor impregnation of microcapsules as shown in Fig. 4-9. 
The lower thermophysical properties are consequently expected due to the weak adhesion.  
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Figure 4-9 SEM micrographs of glass fibre/epoxy composites with 20 wt.% of micro-PCMs 
at low and high magnifications 
4.4. Summary 
Thermophysical properties of woven glass fibre/epoxy laminates incorporating micro-PCMs 
were investigated with various microencapsulated PCM concentrations. DSC was used to 
investigate the phase change characteristics of the micro-PCMs-enhanced composites. It was 
found that the enthalpy of the composite laminates, studied in this work, is proportional to the 
weight fraction of the embedded micro-PCMs. In addition, the glass transition temperature of 
the composite laminates was not significantly changed due to the introduction of micro-
PCMs. The overall thermal conductivity of micro-PCMs-enhanced glass fibre/epoxy 
composite laminates was decreased due to the lower thermal conductivity of the 
microcapsules. Reduction of the thermal conductivity was caused by a non-uniform 
distribution of micro-PCMs in the interlaminar region. 
Thermal stability was also investigated using TGA, and it was revealed that the inclusion of 
micro-PCMs reduced the thermal decomposition temperature due to the weak interface 
between microcapsules and the host epoxy resin. The microencapsulated PCMs can be 
thermally stable up to about 415 °C with the assistance of its shell material, however, it was 
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found that the thermal decomposition temperature was significantly reduced to approximately 
140 °C due to the leakage of PCMs from the microcapsules.  
Dimensional stability of the composite laminates incorporating micro-PCMs was investigated 
by measuring the through-thickness coefficient of thermal expansion using a modulated 
temperature programme. It was found that the CTE of micro-PCMs-enhanced glass 
fibre/epoxy composite was increased with increasing of the weight fraction of micro-PCMs. 
The SEM micrographs of composite laminates with a higher weight fraction of micro-PCMs 
revealed a poor wetting between the epoxy and micro-PCMs. It can be concluded that the 
weak interfacial properties between the epoxy resin and microcapsules are responsible for the 
reduction in thermophysical properties of the composite laminates.  
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5. EFFECT OF MICRO-PCMS ON VISCOELASTIC PROPERTIES OF 
MULTIFUNCTIONAL COMPOSITE 
5.1. Introduction 
Amongst thermophysical characteristics, viscoelastic properties over a wide range of 
frequency and temperature are crucial to adaptation of FRP composites incorporating micro-
PCMs in engineering applications. Furthermore, thermal management capabilities are 
strongly influenced by not only the filler but also thermo-mechanical properties of the matrix. 
The characterisation of viscoelastic properties on a newly introducing composite is crucial 
due to the viscoelastic nature of the polymer based matrix. The physical and mechanical 
properties of the polymer are drastically changed at Tg due to the glass-rubber phase 
transition. Thus, a maximum operating temperature for polymer-based composites is 
determined based on Tg [160]. Therefore, characterising all effective parameters that may 
affect the Tg is essential for successful adaptation of micro-PCMs-incorporated composite 
laminates.  Although the influence of micro-sized particles on the glass transition temperature 
of the host polymer has been reported in the literature [107, 161, 162], the glass-rubber 
relaxation behaviour of FRP composite incorporating micro-PCMs is still unknown. In this 
chapter, the viscoelastic behaviour of FRP composites incorporating micro-PCMs is 
presented.  
5.2. Materials & Methods 
5.2.1. Materials  
The same materials and same fabrication methods were used as presented in Chapter 3.  
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5.2.2. Dynamic mechanical analysis 
Dynamic mechanical analysis (DMA) was performed in single cantilever mode using a Pyris 
Diamond DMA (PerkinElmer, USA). Constant strain amplitude of 10 μm was used with a 
frequency of 1 Hz, while the temperature scan range was from 0 °C to 150 °C at a heating 
rate of 2 K/min. Micro-PCMs-enhanced glass–epoxy composite laminates with eight layers 
were manufactured using the method described in Chapter 3 to suit the single cantilever mode. 
DMA test specimens of 20 mm × 8 mm × thickness were then cut from these laminates using 
a diamond saw. A neat resin epoxy with a thickness of 2 mm was prepared as a reference. 
Storage modulus, loss modulus and tan δ were obtained as a function of temperature. In 
addition, a synthetic-frequency multiplexing mode (0.5, 1, 2, 5 and 10 Hz) was used to assess 
glass transition relaxation. Dynamic mechanical analysis of micro-PCMs capsules was also 
conducted for comparison purposes. To this end, DMA was performed using compression 
mode with a frequency of 1 Hz and modulation force of 0.5 N using a Q400EM (TA 
instruments, USA). The storage modulus ( E ), loss modulus ( E  ) and tan δ ( EE  / ) of 
PCM microcapsules were obtained in a temperature range of 25°C to 140°C with a heating 
rate of 2 K min
-1
. Furthermore, compression tests to assess the influence of melting transition 
of micro-PCMs on the mechanical properties of multifunctional composites were performed. 
All these tests were conducted using a Q800 DMA (TA instruments, USA) under a constant 
strain of 1 % while the temperature was ramped from 30°C to 50°C. The sample size for 
these compression tests was 5 mm × 5 mm. 
5.2.3. Mechanical tests 
Short beam strength (SBS) tests were performed at below and above the melting temperature 
of PCMs (about 37°C) to assess how the solid ↔ liquid phase transition influences the 
mechanical properties of the multifunctional composites. Short beam strength of micro-
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PCMs-enhanced glass/epoxy composite was determined according to ASTM D2344-13.Test 
coupons (18 mm length × 6 mm width) were prepared using a diamond saw corresponding to 
a loading span length-to-specimens thickness ratio of 4.0. Tests were conducted using an 
Instron 5569 with an environmental chamber (3119-605) at a loading rate of 1 mm min
-1
 
under room (25°C) and elevated temperatures (50°C). All tests were repeated at least five 
times and the average values are reported.   
5.3. Results and discussion 
5.3.1. Dynamic mechanical analysis  
5.3.1.1. Transitions and relaxations temperature dependence 
The viscoelastic behaviour of micro-PCMs-enhanced glass/epoxy composite laminates was 
investigated through DMA. Fig. 5-1 illustrates differences in the temperature dependence of 
storage modulus as a function of micro-PCMs concentration. The storage modulus of 
glass/epoxy laminates was significantly higher than that of the neat epoxy resin. Introducing 
micro-PCMs, however, had an adverse effect on the storage modulus of composites, as 
shown in Fig. 5-1. A micro-PCMs loading of 4 wt.% resulted in 13 % reduction in the storage 
modulus of the multifunctional composites.  
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Figure 5-1 Temperature dependence of glass/epoxy laminates incorporating micro-PCMs 
on the storage modulus 
The reduction of storage modulus can be related to the crosslinking density in the composite 
[83, 102]. The apparent crosslinking density can be determined from the storage modulus at 
rubbery plateau region, rE   using equation (5-1) [163]: 
qnRTEr 3                          (5-1) 
where q is the concentration of inactive chains, a variable with an unknown value that is 
considered to be close to unity as a first approximation [164], n is the apparent crosslinking 
density, R is the gas constant (8.314 J K
-1
 mol
-1
) and T is temperature (K). The storage 
modulus at rubbery plateau region was determined at T = Tg + 30 °C.  
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Figure 5-2 Apparent crosslinking densities as function of micro-PCMs weight 
concentration evaluated from storage modulus in rubbery phase (E’r at 130°C) 
The apparent crosslinking density for composite laminates, with various loading fraction of 
micro-PCMs, was calculated using equation 5-1 and results are shown in Fig. 5-2. A linear 
relationship between the apparent crosslinking densities and micro-PCMs loading is evident. 
Therefore, it is expected that the stiffness of the laminates will be significantly lowered at 
high micro-PCMs concentrations. It is noteworthy that the melting of PCMs around 37°C 
also resulted in a further reduction of the storage modulus that is more pronounced for 
composites with 20 wt.% of micro-PCMs. 
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Fig. 5-3 shows the loss modulus as a function of temperature for the composite laminates 
with various weight fraction of micro-PCMs. The maximum loss modulus (peak height) was 
inversely proportional to the microcapsule’s loading. This reduction can be attributed to the 
weak bonding between micro-PCMs and the epoxy resin. 
 
Figure 5-3 Temperature dependence of glass/epoxy laminates incorporating micro-PCMs 
on the loss modulus 
Akay [165] reported that the evaluation of Tg from the maximum loss modulus was more 
consistent and precise in comparison with that from the maximum of tan δ. The glass 
transition temperature, Tg, determined using the loss modulus is presented in Table 5-1 
together with the storage modulus of the glassy phase, ( gE  at 25°C) and rubbery phase ( rE at 
130°C) There were almost no changes in the glass transition temperature, Tg after addition of 
glass fibres when compared to that of the neat resin. At micro-PCMs concentration of 4 wt.%, 
the Tg was slightly increased from 102°C to 106°C (i.e. a 4% increment). This change in the 
glass transition temperature can be attributed to the variation of segmental motion restrictions 
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in the epoxy matrix. It was reported that the incorporation of micro-sized fillers could 
increase the Tg of a composite due to the immobilization of the polymer molecular chains 
near the surface of the filler [96, 166]. However, further addition of the filler will cause the 
separation of molecular chains and will increase the segmental motion. This observation 
suggests that there is a critical micro-PCMs concentration below which the segmental 
mobility is significantly restricted. 
The interfacial bonding between composite constituents can also play a significant role in the 
variation of glass transition temperature. Some studies have suggested that the interfacial 
bonding between a filler and host polymer can be correlated to the measured peak tan δ [118, 
167, 168].  In this case, a high maximum tan δ is an indication of poor interfacial bonding. To 
examine the validity of this hypothesis in composites with more than one type of filler (glass 
fibres and microencapsulated PCM in this study), the temperature dependence of tan δ was 
analysed and shown in Fig. 5-4. 
  
Table 5-1 Viscoelastic properties of  micro-PCMs  enhanced glass-epoxy composite  
Micro-PCMs 
weight fraction/% 
gE  
/GPa 
rE  
/GPa 
Tg 
/°C 
maxE   
/GPa 
max)tan(  
0 5.1 0.85 102 0.58 0.298 
4 4.0 0.69 106 0.48 0.309 
12 3.1 0.73 103 0.34 0.243 
20 2.1 0.46 99 0.2 0.218 
Epoxy 1.1 0.03 103 0.18 0.634 
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Figure 5-4 Temperature dependence of glass/epoxy laminates incorporating micro-PCMs on 
Tan δ 
Incorporating 4 wt.% of micro-PCMs did not result in a significant variation of the peak tan δ 
for multifunctional composites. In other words, the rate of the reduction of the storage and 
loss moduli due to addition of micro-PCMs was very close. Therefore, the increment in Tg 
after embedding 4 wt.% of micro-PCMs can only be attributed to the segmental motion 
restrictions. For higher concentration of micro-PCMs, although the maximum tan  was 
decreased, this cannot be interpreted as an improvement in the filler/polymer interfacial 
bonding. In fact, the rate of the reduction for storage modulus due to the incorporation of 
micro-PCMs was much higher than the corresponding rate for the loss modulus. 
Furthermore, the SEM images of fractured surface with revealed that the interfacial bonding 
is deteriorated with increasing weight fraction of micro-PCMs, as illustrated in Fig. 3-5 and 
3-10. Therefore, it can be concluded that the maximum tan  cannot be used to estimate the 
interfacial bonding for composites with more than one type of filler. The same conclusion has 
been reached for the case of hybrid composites [167, 168]. To further investigate the effect of 
0 20 40 60 80 100 120 140 160
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
20 wt.%
12 wt.%
4 wt.%0 wt.%ta
n
 (

)
Temperature (
o
C)
Epoxy
 
 
  
86 
 
incorporating micro-PCMs on the glass transition temperature of multifunctional composites 
and in order to identify related mechanisms, the concepts of “apparent activation energy” and 
“free volume” can be utilised. 
5.3.2. Apparent activation energy 
The activation energy is considered as “the minimum activation barrier” that should be 
overcome so that a large-scale molecular motion can happen in a polymer. The activation 
energy, ∆Ea can be calculated using data collected from multi-frequency tests using 
Arrhenius equation (5-2) [169, 170]:         
]
1
[
)][ln(
g
a
T
d
fd
RE                                        (5-2) 
where f is the measuring frequency, R is the universal gas constant (8.314 J K
-1 
mol
-1
) and Tg 
is the glass transition temperature. Fig. 5-5 shows the tan δ of multifunctional composites 
over a range of frequencies from 0.5 to 10 Hz. It can be seen that the glass transition 
temperature determined from tan δ curves shifts to a higher temperatures as the measuring 
frequency increases, which is the general trend in solid polymers [100].    
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Figure 5-5 The a temperature scan as a function of tan δ at different frequencies across the 
Tg of glass/epoxy laminates incorporating micro-PCMs (a) 0 wt.% and (b) 20 wt.% 
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Using equation (5-2), the activation energy can be determined from the slope (-∆Ea/R) of 
linear regression equation from ln(𝑓) versus 1000/Tg as shown in Fig. 5-6. The apparent 
activation energy for composite specimens was obtained by fitting a linear regression on the 
slope of Arrhenius plot, and the results are presented in Table 5-2. Introducing 4 wt.% of 
micro-PCMs resulted in an increase in the activation energy by 7 % while higher 
concentration of the micro-PCMs had an adverse effect. Several studies [171, 172] have 
reported that the variation of activation energy can be attributed to the interfacial properties 
between the filler and matrix. Thus, the decrease in ∆Ea involves reduced segmental 
constrains between micro-PCMs and epoxy that is happening in composites with micro-
PCMs weight fraction of more than 4%.    
 
Figure 5-6 The variation of 𝑙𝑛(𝑓) versus 1000/Tg. The Tg was measured from the peak height 
of tan δ. 
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Table 5-2 The apparent activation energies (∆Ea) with correlation coefficient (R
2
) value 
Micro-PCMs 
weight fraction/% 
∆Ea/kJ mol
-1 
Slope R
2
 
Epoxy 562.9 63.14 0.995 
0 405.5 48.78 0.995 
4 437.2 52.59 0.992 
12 395.2 47.54 0.998 
20 367.2 44.17 0.960 
5.3.3. Free volume interpretation 
The transitions of the polymer can also be described by the changes in free volume, which is 
the space between molecules for an internal movement. The glass transition is associated with 
the expansion of the free volume allowing greater chain mobility [100]. The fractional free 
volume fraction (fg) at the Tg can be determined from the peak of tan δ using equation (5-3) 
[173]:   
2
1
1
2
303.2






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




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
C
C
fg

         (5-3) 
where ∆𝛼 is the difference between the CTE of below and above Tg, B is a numerical constant 
generally considered close to 1 if the ∆α is entirely associated with free volume [174], and C1 
and C2 are William-Landel-Ferry (WLF) constants.  WLF constants were found with the 
equation (5-4) [173]: 
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where 𝑟 is the reference parameter at 1Hz. The WLF constants were found from the slope and 
the y-intercept of a linear regression line from a plot of  
1
𝑙𝑜𝑔
𝑓
𝑓𝑟
  versus 
1
𝑇𝑔−𝑇𝑔𝑟
 . A summary of 
the calculated fractional free volume is presented in Table 5-3. An introduction of 4 wt.% 
micro-PCMs into the glass/epoxy composites decreased the free volume by 10 %. Further 
incorporation of micro-PCMs in glass fibre/epoxy laminates resulted in an increment of the 
free volume. The decrease in the free volume indicates a strong interaction between the 
epoxy and micro-PCMs at low microcapsule concentration (i.e. 4 wt.%). This results 
indicates that there is a critical concentration where the micro-PCMs is favoured in terms of 
chain mobility with the epoxy as the free volume decreased at lower micro-PCMs 
concentration. 
Table 5-3 Fractional free volume (fg) and input parameters 
Micro-PCMs 
weight fraction/% 
α1 
/10
-6
 K
-1
 
α 2 
/10
-6
 K
-1
 
∆ α 
/10
-6
 K
-1
 
C2/C1 
/K
-1
 
fg 
0 45 200 155 8.27 0.0236 
4 54 209 155 6.61 0.0211 
12 59 258 199 6.99 0.0246 
20 63 263 200 7.89 0.0262 
Epoxy 67 133 66 4.68 0.0116 
Micro-PCMs 63 233 - 
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5.3.4. The influence of phase transition  
5.3.4.1. Micro-PCMs capsules 
It is interesting to note that an unusual transition was observed on DMA results in the 
temperature range of 0 to 40 °C (see Fig. 5-1 and 5-3). To identify the cause of this 
supplementary transition, Fig. 5-7 shows the complex modulus (E*) of micro-PCMs as a 
function of temperature, measured using DMA. 
 
Figure 5-7 An overlay of DMA and DSC curves illustrating complex modulus and specific 
heat of micro-PCMs, respectively.  
Considering the fact that the minimum complex modulus is reached at approximately 38 °C, 
corresponding to the melting temperature of PCMs, it is hypothesised that the supplementary 
transition is due to PCMs melting. This phenomenon can be indirectly confirmed by two 
observations: (1) melting is independent of the frequency as it is a thermodynamic event, 
unlike the Tg  (see Fig. 5-5) and (2) an overlay between the complex modulus and DSC heat 
flow of micro-PCMs shows that the melting temperature is matched by the minimum 
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complex modulus, as illustrated in Fig. 5-7. The correlation of DMA and DSC curves has 
already been used to determine the melting and glass transitions of powders [175]. 
Considering above-mentioned observations, it can be concluded that the supplementary 
reduction of loss modulus is related to the melting of PCMs. 
5.3.4.2. Short Beam Strength 
In the previous section, the variation of storage and loss moduli in the low temperature range 
was related to the melting transition of PCMs. In other words, it was concluded that the 
liquid-phase of PCM influence the viscoelastic response of the specimens. To investigate the 
effect of the phase transition on mechanical properties, short beam strength tests were 
conducted at different temperature corresponding to solid and liquid phase of PCMs. The 
experiments were performed at room (T = 25°C) and elevated temperatures (T = 50°C) 
where no exothermic peak was observed in the DSC curve. The calculated shear strength of 
the multifunctional composites with different weight fraction of micro-PCM are summarised 
in Table 5-4. As it is expected, the short beam shear strength decreased with increasing the 
weight fraction of micro-PCMs under both temperatures. This behaviour can be related to the 
deterioration of interfacial strength in composites due to incorporating microcapsules, as 
discussed in Chapter 3. In addition, it can be seen from Table 5-4 that the shear strength at 
elevated temperature is lower than that of the room temperature. However, the difference is 
almost independent for the micro-PCMs loading up to 12 wt.%. Only in composites with 20 
wt.% of micro-PCMs was a higher reduction of 19% observed. 
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Table 5-4 The effect of incorporating micro-PCMs on short beam shear properties as a 
function of temperature 
Micro-PCMs 
weight fraction/% 
SBS at 25°C 
/MPa 
SBS at 50°C 
/MPa 
The difference 
/% 
0 43.76 ± 1.75 38.42 ± 0.99 12.2 
4 36.82 ± 0.82 31.81 ± 0.77 13.6 
12 18.28 ± 0.68 15.77 ± 0.88 13.7 
20 10.11 ± 0.65 8.18 ± 0.54 19.1 
 
Previous experimental results show that most of the micro-PCMs undergo a large volume 
change (~10 %) while melting [23, 142, 176]. As it is discussed in section 4.3.5, the CTE is 
dominated by the behaviour of epoxy for micro-PCM loadings up to 12 wt.% whereas for 
higher concentration of 20 wt.% it is the micro-PCM that controls the coefficient of thermal 
expansion. These results show that the epoxy suppress the volume change of micro-PCMs at 
low concentrations (4 and 12 wt.%), however, the restriction is compliant at micro-PCMs 
concentration of 20 wt.%. Thus, it can be said that the volume change in composites could 
influence the interfacial strength between microcapsules and the matrix. This is based on the 
fact that the CTE affects the stress transfer in the interfacial region [94].  Therefore, the effect 
of phase transition on the mechanical properties of multifunctional composites depends on 
dominant mechanism in determining the CTE.  
It should also be noted that the volume fraction of the epoxy was reduced with increasing 
micro-PCMs concentration, as it is evident from SEM images of the fractured specimens (see 
Fig. 3-5.). At lower micro-PCMs concentrations, the epoxy with a relatively higher stiffness, 
can suppress the volume change of micro-PCMs. However, micro-PCMs can freely expanded 
due to the less amount of the epoxy used at higher concentrations, which is also reflected in 
the CTE values. Taking into account the CTE results, it can be concluded that the liquid 
phased micro-PCM influences the interfacial properties for the high loading rate of 20 wt.%. 
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This observation suggests that there should be a critical micro-PCMs concentration between 
12 and 20 wt.% where the volume expansion of micro-PCMs could be restricted.   
5.3.4.3. Through-thickness compression tests 
The influence of PCM phase transition on the mechanical properties was discussed above.  
To verify the above observations, compression tests in the through-thickness direction were 
performed to explain the variation of viscoelastic properties over the PCMs melting transition. 
Fig. 5-8 shows the changes in normalised compression stress while the temperature was 
ramped from 30 to 50 °C at a rate of 2 K min
-1
. 
 
Figure 5-8 Temperature dependence of PCM enhanced composites under a constant 1 % 
strain 
During the experiment, when the volume change was pronounced, the stress varied to 
maintain a constant strain of 1 %. It is interesting to note that the stress was increased only in 
the laminate containing 20 wt.% of micro-PCMs when the temperature was about 37°C. This 
temperature is corresponding to the melting temperature of the PCM used in this study. This 
observation indicates that the volume change of micro-PCMs took place during the melting 
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transition, and was pronounced when micro-PCMs concentration was 20 wt.%, which is 
consistent with the results from SBS tests (as discussed in section 3.3.2.5).  
5.4. Summary 
The viscoelastic properties of woven glass-epoxy laminates incorporating various 
concentrations of micro-PCMs were investigated using DMA scans. It was revealed that the 
storage modulus of the glassy phase (at 25°C) was decreased with increasing PCMs 
concertation (approximately 1.3 GPa per micro-PCMs wt.%) due to the prevention of 
potential crosslinking in the composite. The Tg was measured from the peak height of the loss 
modulus curves and it was increased at after incorporating 4 wt.% of micro-PCMs. The 
micro-PCMs occupied a free space between glass-fibres causing a decreasing trend of Tg with 
increasing micro-PCMs loading. Multi-frequency DMA scans was performed to understand 
how micro-PCMs affects the glass transition. Using “apparent activation energy” and “free 
volume” concepts the variation of glass transition temperature was explained. It was found 
that the additional loss peak observed in DMA results is due to the PCMs melting transition. 
The phase transition also affected the mechanical properties when a high concentration of 20 
wt.% of micro-PCMs was used. Consequently, viscoelastic properties of micro-PCMs-
enhanced glass-epoxy composites were significantly affected by the microcapsule weight 
fraction.     
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6. CONCLUSION & RECOMMENDATION 
6.1. Conclusion 
Multifunctional composites incorporating micro-PCMs is one of the promising solutions to 
develop material systems that exhibit thermal storage capability as well as load bearing 
competency. The main goal of this project was to characterise the inclusion effect in order to 
fully understand the interactions between embedded micro-PCMs and the host composite. 
This thesis demonstrated that the goal was successfully achieved as the experimental study 
conducted through Chapter 3-5. A detailed achievement summary for different aspects of the 
project is presented in each Chapter.  
Herein, the key answers for the research questions from section 1.3 are given. In this project, 
micro-PCMs were integrated into glass Fibre Reinforced Polymer (FRP) composites and their 
mechanical, thermophysical and viscoelastic properties were investigated. It was found that 
the reduction of mechanical properties including tensile, compressive, and flexural was 
directly proportional to the weight fraction of micro-PCMs. The failure mechanisms changed 
from fibre/matrix failures to interlaminar delamination after incorporating 12 wt.% of micro-
PCMs. It was observed that the interfacial bonding between micro-PCMs and epoxy controls 
the failure mechanism. The increased viscosity of matrix system due to incorporating micro-
PCMs influences the wetting of the fillers during the manufacturing and consequently affects 
the interfacial bonding. Furthermore, mode Ι interfacial fracture toughness was investigated 
using DCB tests and toughening mechanisms were identified. It was found that the mode Ι 
fracture toughness at crack initiation is controlled by matrix-dominated properties. For the 
steady-state crack propagation, the mode Ι interfacial fracture toughness was initially 
increased due to the combination of fibre bridging and particle toughening (i.e. crack pinning 
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and debonding) at micro-PCMs weight fraction of 4 %. However, the trend was reversed at 
higher micro-PCMs concentrations due to the poor interfacial properties.       
Regarding thermophysical properties, it was found that the enthalpy of the multifunctional 
composites was proportional to the weight fraction of micro-PCMs. The phase change 
properties of the microencapsulated PCMs were not affected after incorporating these 
materials in FRP composites. The enthalpy (heat of fusion/crystallisation) measured from 
DSC was linearly proportional to the weight fraction of micro-PCMs used in the composite. 
Furthermore, it was observed that the enthalpy from the heat flux apparatus were also 
proportional to micro-PCMs concentration used in the composite. These observations suggest 
that the integrity of micro-PCMs was preserved. The decomposition temperature was reduced 
due to the weak interface. Also, the leakage of paraffin-based core material from damaged 
PCMs caused significant degradation on thermal decomposition. The CTE of micro-PCMs-
enhanced glass fibre/epoxy composite increased with increasing of the weight fraction of 
micro-PCMs. The CTE of multifunctional composites was dominated by that of the epoxy up 
to micro-PCM weight fraction of 12 %. For composites with higher weight fraction of micro-
PCMs, the coefficient of thermal expansion was controlled micro-PCMs. This observation 
suggests that the CTE was strongly influenced by the interfacial properties.  
In respect to viscoelastic properties, it was observed that the storage modulus was reducing 
due to the reduction in crosslinking density caused by the inclusion of micro-PCMs. The Tg 
determined from the peak of loss modulus was also changed as a result of incorporating 
micro-PCMs. At a micro-PCMs concentration of 4 wt.%, the Tg was initially increased 
because of the restriction in segmental motion of the epoxy matrix. However, further addition 
of micro-PCMs caused a reduction in Tg, which can be attributed to the weak bonding 
between micro-PCMs and the epoxy matrix. The activation energy and free volume concepts 
were used to describe the observed changes. In regards to phase transition effects, the SBS 
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tests at below and above the melting temperature of microcapsules were conducted. It was 
found that the effect of the phase transition is pronounced at higher micro-PCMs 
concentrations.  
6.2. Recommendation 
6.2.1. Thermal management capabilities  
Throughout this project, the inclusion effects of micro-PCMs on the mechanical and thermal 
behaviour of host composites have been comprehensively characterised. However, some key 
aspects of thermal management capabilities are not fully investigated due to the time 
limitations. The design parameters such as thermal cycles (melting/freezing) can be 
investigated to elaborate the feasibility of the utilising the multifunctional composites in a 
practical application. As a consequence of the material characterisation from this thesis, the 
effectiveness of micro-PCMs in developing multifunctional composites can be realised. The 
larger scale investigation, however will enable adoption of micro-PCMs reinforced composite 
into engineering thermal management applications (e.g, electronic packaging).   
6.2.2. Sandwiched composite structure 
In this project, it was found that the thermophysical properties mainly depend on the weight 
fraction of embedded micro-PCMs. In regards to the structural integrity, it was also observed 
that the mechanical properties of multifunctional composites are significantly reduced after 
incorporating 12 wt.% of micro-PCMs. To achieve an optimised solution where high thermal 
storage capacity is accompanied with minimum deterioration of load-bearing capability, a 
systematic approach to design the multifunctional laminate can be adopted. One possible 
solution can be based on partial distribution of micro-PCMs in the cross-sectional area using 
a sandwich structure. For multifunctional composites, micro-PCMs can be incorporated in the 
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core material to provide the thermal management capacity while conventional FRP composite 
skins is supporting bending and protecting the core. Such multifunctional composites can be 
used in different engineering applications.  
6.2.3. Nano-modification 
Heat dissipation is one of the key elements in thermal management applications to attain 
optimum thermal performance. The low intrinsic thermal conductivity of polymers can cause 
reliability issues such as overheating of melted PCMs in multifunctional composites. 
Therefore, further study to improve the thermal conductivity of polymers using nano-particles 
is warranted to identify appropriate high thermal conductive fillers with low thermal 
expansion coefficients. To achieve an efficient method of incorporating nanoparticles in 
micro-PCMs-enhanced composites, a multiscale study is necessary. This will provides the 
opportunity to understand how the composite behaviours and interact in different scales from 
macro- to nano-scale. The combined knowledge on the multiscale nature of the composite 
will offer the comprehensive background information.   
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